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EXECUTIVE SUMMARY 
Presented is a study of persistent organic pollutants in Australian sewage sludge, 
focusing on environmental monitoring and a sewage sludge land application human 
health risk contaminated with these compounds.  The chemicals of concern were:  
• Polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans 
(PCDFs) and “dioxin-like” polychlorinated biphenyls (PCBs); collectively 
termed “dioxins-like compounds” 
• The brominated fire retardants: polybrominated diphenyl ethers (PBDEs) and 
polybrominated biphenyls (PBBs) 
• Organochlorine pesticides (OCPs) 
• Polychlorinated biphenyls (PCBs) 
• Phthalate acid esters (PAEs) 
The concentration of these chemicals was determined in a number of Australian 
sewage sludge surveys conducted in 2006 and 2007, with samples collected from all 
states of Australia, from a range of urban (pop. > 1,000,000) and rural (pop. < 
300,000) locations.  Historical data was also collated and analysed for each of the 
chemicals of concern. 
The concentration of dioxin-like compounds ranged from 1.2 to 15.3 WHO05 TEQ ng 
kg-1 dry weight (dw) in a survey of Australian sewage sludge conducted in 2006.  An 
analysis of variance (ANOVA) found no difference between urban and rural sludges, 
however a statistically significant relationship between dioxin-like compounds 
concentrations and population was found (P=0.042).  These concentrations are low 
when compared to the concentrations in international sludges and are slightly higher 
than those reported for Australian soils.  A time series analysis of dioxin-like 
compounds from three WWTPs from the same city revealed no difference between 
WWTP (P=0.947), but a statistically significant decline of 1.5 ng WHO05 TEQ kg-1 
dw per year between the year 2002 and 2006 (P=0.042). 
A survey of Australian sewage sludge in 2006 found the ΣPBDE mean concentration 
to be 1 137 µg kg-1 dw (sd 1 116) and no significant difference (P<0.05) was observed 
between the urban (mean 1 308 µg kg-1 dw, sd 1 320 µg kg-1 dw) and rural (mean 911 
µg kg-1 dw, sd 831 µg kg-1 dw) samples. The concentration of PBDEs in Australian 
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sewage sludge was similar to other countries that are still continuing the practice of 
sewage sludge land application despite this burden. 
An investigating into the distribution of PBDEs in an activated sludge WWTP found 
no degradation of PBDE congeners.  Greater than 99% of the PBDEs were associated 
with the sludge, resulting in approximately 10 kg of ΣPBDE associated with biosolids 
from this WWTP annually and it is estimated that at least 110 kg of PBDEs are 
associated with Australian sewage sludge annually.  The amounts released into the 
environment via secondary effluent (ocean outfall) and tertiary effluent (irrigation) 
was 7.3 × 10-3 kg and 0.2 × 10-6 kg annually. 
OCP concentration data was collated for Australian sewage sludge analysed in NATA 
accredited laboratories between the years 2004 and 2006 (n=829).  The most 
prevalent compounds detected were dieldrin, chlordane and DDE, which were 
detected in 68%, 27% and 13% of samples respectively and the maximum 
concentrations were 0.77, 0.30 and 0.27 mg kg-1 dw respectively. The rest of the 
OCPs (aldrin, DDD, DDT, heptachlor, HCB, lindane) and PCBs were detected in less 
than 4% of the samples.  The concentration of all OCPs and PCBs was consistently 
lower than the upper contaminant limit that would restrict land application (i.e. 1 mg 
kg-1 dw).  This provides evidence that the continued compliance monitoring of 
sewage sludge intended land application for OCPs and PCBs is unnecessary and the 
regulations should be updated to reflect these findings.   
An analysis of a time series of sewage sludge from five WWTPs over of ten-year 
period (1995 to 2006) found a highly significant correlation between dieldrin and 
chlordane, demonstrating that these compounds are moving from the environment to 
WWTP via the same unidentified mechanism. 
The concentration of PAEs in Australian sewage sludge is low and poses no risk to 
human health from its land application.  With the exception of bis(2-ethylhexyl) 
phthalate, otherwise known as DEHP, which was detected in all biosolids sampled 
(mean 18 mg kg-1 dw).  The other main PAEs were below the detection limit (< 1 mg 
kg-1 dw).  No variation was observed in concentrations between urban and rural 
samples (P=0.860). 
A human health risk assessment for the land application of sewage sludge 
contaminated with the aforementioned compounds has been completed.  Four 
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exposure pathways were identified and evaluated, that included direct human 
exposure, plant uptake, bioaccumulation in grazing animals, and drinking water 
contamination.  A framework of exposure for other organic pollutants has been 
developed and requires tolerable daily intake (TDI) and octanol-water partition 
coefficient (KOW) to quantify the human exposure and risk.  The increased exposure 
of biosolids contaminated with the 95th concentration of the chemicals of concern was 
determined to be less than 3 % of the maximum residue limit (MRL) of agricultural 
produce and demonstrates that the land application of biosolids does not pose a risk to 
human health from these COCs.  Soil quality limits have been calculated for each of 
the exposure pathways that are equivalent to the MRLs. 
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DEFINITIONS 
Biosolids 
 
Sewage sludge that has been treated with respect to 
pathogens, chemical contaminants and vector attractants 
(odour, flies) 
Dioxins-like 
compounds   
 
Is an umbrella term used to describe seven polychlorinated 
dibenzo-p-dioxins, ten polychlorinated dibenzo-p-dioxins 
furans and twelve co-planar polychlorinated biphenyls. 
Homologue 
 
Refers to halogenated isomers of benzene compounds, i.e. 
PCDD/Fs, PCBs, PBDEs and PBBs. 
Flame-retardant 
chemical  
 
Used to denote a compound or mixture of compounds that 
when added to or incorporated chemically into a polymer 
serves to slow or hinder the ignition or growth of fire, the 
foregoing effect occurring primarily in the vapour phase. 
Sewage Sludge 
 
The solid, semi-solid, or liquid residue generated during the 
treatment of domestic sewage in a treatment works.  The 
main components are primary and secondary sludge. 
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 C H A P T E R  1   
 INTRODUCTION 
 
 
“Chemicals have become an indispensable part of human life, sustaining activities 
and development, preventing and controlling many diseases, and increasing 
agricultural productivity. Despite their benefits, chemicals may, especially when 
misused, cause adverse effects on human health and environmental integrity. The 
widespread application of chemicals throughout the world increases the potential of 
adverse effects. The growth of chemical industries, both in developing as well as in 
developed countries, is predicted to continue to increase. In this context, it is 
recognized that the assessment and management of risks from exposure to chemicals 
are among the highest priorities in pursuing the principles of sustainable 
development.” 
International Programme for Chemical Safety (IPCS, 1998) 
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1.1 INTRODUCTION 
Wastewater treatment is a major cornerstone in efforts to keep a nation’s water and 
environment clean.  Sewage sludge is produced as a result of wastewater treatment 
and will eventually be released back into the environment and the land application of 
sewage sludge is one disposal option that is becoming the favoured in Australia (REF) 
and internationally (European Commission, 2001).  The risks to human health from 
this practice are thought to principally derive from exposure to metals, pathogens and 
organic compounds; the latter being the subject of this research.  The contamination 
of sewage sludge with organic pollutants was identified as a priority for the Australian 
Water Industry (Australian Water Association Biosolids Speciality Conference in 
2003, 2005) in recognition of public and industry concern.  Monitoring sewage sludge 
for organic pollutants should be undertaken regardless of whether or not the sewage 
sludge will eventually be applied to land, as sludge concentrates organic pollutants 
and may provide scientists with early clues to new problem chemicals (Jensen, 1972). 
Australia produces 360,000 dry tonnes of sewage sludge annually, at an estimated 
management cost of $300 per tonne or one hundred million dollars per year nationally 
(Gale, 2007).  The amount of sludge produced within Australia is far lower than 
Europe or the United States of America (USA), producing 8 million tonnes (European 
Commission, 2001) and 5.6 million tonnes (National Research Council, 2002) 
respectively.  There are a range of options for dealing with sewage sludge including 
ocean dumping, landfill, incineration and energy recovery; however, the land 
application of sewage sludge “will remain the best practicable environmental 
management option for this material” (Schowanek et al., 2004).  Not only does it 
avoid less desirable alternative disposal options (environmentally and economically), 
but it takes advantage of its properties as both a fertilizer and soil ameliorant and 
therefore, avoids wasting a resource (Beck et al., 1995).  In Australia, only five 
percent of sewage sludge is land applied and the amount of sewage sludge that is 
beneficially re-used in Australia is low, with the majority stockpiled (DSE, 2003).  In 
the USA, over sixty percent of sewage sludge is land applied, with one percent 
applied in agriculture (U.S. EPA, 2002).  The momentum is towards the long term 
sustainable re-use of freshly generated sewage sludges as a fertiliser and this is 
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becoming a favoured option throughout the world; “one of the EU policies is to 
enhance sludge use in agriculture” (European Commission, 2001).  
The aim of this research was to provide empirical data about the typical levels of a 
range of toxic organic compounds in Australian sewage sludge/biosolids and conduct 
a human health risk assessment for land application of sewage sludge.  The organic 
are broadly categorized as persistent organic pollutants (POPs) and the compounds 
studied were: 
• Polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans 
(PCDFs) and “dioxin-like” polychlorinated biphenyls (PCBs); collectively 
termed “dioxins-like compounds” 
• The brominated fire retardants; polybrominated diphenyl ethers (PBDEs) and 
polybrominated biphenyls (PBBs) 
• Organochlorine pesticides (OCPs) 
• Polychlorinated biphenyls (PCBs) 
• Phthalate acid esters (PAEs) 
The basis for the selection of these compounds was a delineation between POPs and 
other modern pollutants such as pharmaceutical, hormones and “emerging 
contaminants”.  The Australian Water Industry requires that all of these organic 
pollutants are researched, however this study was limited to POPs and this was not 
due to a greater perceived level of importance for these compounds.  Internationally 
each of these groups of chemicals has been investigated in sewage sludge, with the 
majority of carried out in Europe and the U.S.A.  As of July 2005, there had been no 
published research investigating any of these compounds within Australian sewage 
sludge.  Each of these groups of organic compounds enters the water treatment 
process via different routes and each provides valuable information about how 
chemicals cycle in the environment.   
1.2 SEWAGE SLUDGE/BIOSOLIDS LAND APPLICATION 
The term “sewage sludge” is used to describe the residual solids that are separated and 
collected during the wastewater treatment process.  Sewage sludge is removed in 
primary, secondary, or tertiary wastewater treatment processes (Table 1-1), with the 
majority of sludge produced from primary and secondary treatment processes.  
Introduction 
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Table 1-1 Summary of wastewater treatment processes 
Preliminary 
Treatment  
Extracts coarse solids and grit through screens and other filtering devices.  These coarse 
materials are not incorporated in biosolids. 
Primary 
Treatment  
Raw sewage is pumped into settling tanks where solids settle due to gravity.  The residual 
material is a concentrated suspension called “primary sludge”.  Half of the solids suspended 
in wastewater are removed through primary treatment. 
Secondary 
Treatment  
 
Involves biological treatment to remove biodegradable organic material.  As micro-organisms 
feed, their density increases and the solid material settles to the bottom of processing tanks, 
where it is separated from the clarified water as a concentrated suspension called “secondary 
sludge”, “waste activated sludge”, or in trickling filter systems, “humus”. 
Tertiary 
Treatment  
 
Is used when extremely high-quality effluent is required, such as a direct discharge to a 
drinking water source.  The solid residual collected through tertiary treatment consists mainly 
of chemicals added to clean the effluent, which are reclaimed before discharge and not 
incorporated into biosolids. 
 
“Biosolids” is a more precise term used to describe the portion of municipal sewage 
solids that meets standards for beneficial use through land application or other 
puroposes.  The US EPA defines biosolids as sewage sludge that has been treated to 
meet the regulatory requirement for land application set out in the Code of Federal 
Regulations, Title 40 Part 503 (U.S. EPA, 1999).  To be categorized as biosolids, 
municipal sludge must be treated to address the water content, pathogen levels, 
chemical contamination and vector attractants (odours, flies, pests).  Biosolids 
contaminant limits and classification can be somewhat arbitrary, particularly with 
respect to organic pollutant limits, often with questionable or no scientific basis.  
Given the political nature of this term, preference has been given to the use of 
“sewage sludge” to avoid confusion regarding the material, unless specifically 
describing the practice of land application. 
The agricultural use of biosolids (with appropriate application rates) has been shown 
to produce significant improvements in crop growth and yield (Katterman & Day, 
1989).  The addition of any organic matter to soil improves the physical properties of 
the soil, such as a positive influence on water penetration, porosity, bulk density and 
aggregate stability, and increases the soil’s ability to absorb and store moisture (U.S. 
EPA, 2002).  Sewage sludge contains significant quantities of organic matter, 
moisture, nutrients and trace elements, and is increasingly being viewed as a resource 
for agricultural and municipal sectors. The major nutrients necessary for crop 
production and growth are nitrogen, phosphorus and potassium and the trace elements 
calcium, copper, iron, magnesium, manganese, sulfur and zinc. With the exception of 
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potassium, sewage sludge contains similar concentrations of plant nutrients to other 
manures (See Table 1-2).  
Table 1-2 Nutrient concentration (mg kg-1 dw) of manures (dry solids) 
Nutrient Chicken Beef Dairy Horse Sheep Pig Biosolids Super 
pH 6.9 7 7 7.2 - 7.5 7.3 - 
Total N 5.25 4 3.75 2 3.8 4.7 3.87 0 
Total P 1.9 1.1 0.8 0.5 0.8 1.6 2.97 9 
Na 0.63 0.35 0.43 0.24 0.71 0.61 0.17 Trace 
K 1.9 2.5 2.4 1.7 2.9 2.6 0.17 0 
Ca 8.1 1.65 1.3 1.9 2.5 3 1.86 20 
Mg 0.88 0.58 0.32 0.38 0.65 0.64 0.37 0.2 
Reproduced from (UNEP, 2004b) 
 
1.3 PERSISTENT ORGANIC POLLUTANTS 
The twentieth century saw the application of chemical technology to almost every 
aspect of life – from new medicines, agricultural techniques, modes of warfare, to the 
combustion of fuels for transport.  In 2008, there are 36 million organic and inorganic 
substances identified and registered on the Chemical Abstract Service (CAS) database 
(Chemical Abstracts Service, 2008) which is an average increase of 3000 new 
chemicals per day since the four million identified in 1978 (Maugh, 1978). Given the 
large number of anthropogenically produced compounds, environmental scientists are  
hampered by the constraints of current analytical techniques and are only to be able to 
monitor for a small fraction of organic pollutants in environmental and sewage sludge 
samples (Harrison et al., 2006).  Some of these compounds are environmentally 
persistent and the release of chemicals into the environment has become an 
experiment that involves most life on Earth, including humans.  These compounds 
accumulate within the tissues of organisms, are toxic and some are capable of 
mimicking human hormones such as dioxin-like compounds (Harden et al., 2007), 
PBDEs (Harden et al., 2005), PCBs and OCPs (Harden et al., 2005).  The term 
“persistent organic pollutants” (POPs) was coined to describe the persistence and 
accumulation of certain organic compounds. Many POPs pose such significant threats 
to human health and the environment that in 2001 the United Nations Environment 
Programmes “Stockholm Convention of Persistent Organic Pollutants” aimed to 
restrict and ultimately eliminate their production, use, release and storage (UNEP 
Chemicals; UNEP, 2004a); ratified by Australia in 2004 (DEH, 2006). There are 
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twelve POPs, ten intentionally produced compounds (aldrin, chlordane, DDT, 
dieldrin, endrin, hexachlorobenzene, mirex, polychlorinated biphenyls, toxaphene) 
and two un-intentionally produced classes (chlorinated dioxins and furans).  
The characteristics of POPs are: 
• Environmentally persistent, with half-life in soil greater than six months 
• Capable of bioaccumulation (bio-concentration factors (BCF) > 5000 for 
aquatic organisms and/or an octanol-water partition coefficient, logKOW > 5) 
• Capable of long-range atmospheric transport 
• Toxic to humans (UNEP Chemicals). 
DDT is one the most infamous anthropogenically produced POP and has been banned 
in the USA and Australia since 1972 (Anonymous, 1997) and 1982 respectively 
(IPCS, 1979) due to environmental contamination.  DDT was credited with aiding the 
western victory in World War II by minimising the spread of insect-borne disease and 
is still used in many parts of Asia to combat malaria caused by mosquitoes (Chenier, 
2002).  DDT was the prototype insecticide for the development of other chlorinated 
insecticides such as aldrin, chlordane, dieldrin and heptachlor, all of which are POPs 
(Zitko, 2003).  The over zealous application of DDT and other OCPs to huge areas of 
land damaged many ecosystems (Harrington & Bidlingmayer, 1958), sometimes 
causing toxic effects on animals at the very top of the food chain (Pruett-Jones et al., 
1980), seemingly far removed from the point of application.  The book Silent Spring 
(Carson, 1962) detailed the plight of Florida’s bald eagles (a symbol of strength, 
vision and regeneration), that were suffering from altered gonadal development, 
eggshell thinning and neurological damage resulting in a dramatic decline in 
population, all as a result of DDT use.  Thus the issue of biomagnification was 
brought to public attention and as a result many OCPs were banned in the UK and the 
USA in the late sixties and early seventies.   
The evidence from unexplained medical problems in wildlife and humans, as well as a 
suite of laboratory evidence, has prompted the hypothesis that certain chemicals may 
disrupt the endocrine system.  These chemicals have been called “endocrine 
disruptors” (EDCs) because they are thought to mimic natural hormones, inhibit the 
action of hormones, or alter the normal regulatory function of the immune, nervous, 
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and endocrine systems (Meredith, 2002).  The possible human health consequences of 
exposure to these compounds include breast cancer and endometriosis in women, 
testicular and prostate cancers in men, abnormal sexual development, reduced male 
fertility, alteration in pituitary and thyroid gland functions, immune suppression and 
neurobehavioral effects (U.S. EPA, 1997).  Evidence of direct causal associations 
between low-level exposure to EDCs and adverse health outcomes has not been 
established conclusively (U.S. EPA, 1997).  However, a wide range of ailments are 
presenting in humans, some of which are known outcomes of in vitro laboratory 
animal exposure to EDCs.  These include a decline in male fertility, cancers 
(particularly of the reproductive organs), endometriosis, impaired immune function, 
neurological damage and precocious puberty (IPCS, 2002). 
The source of these pollutants in the wastewater treatment plant provides important 
information about how they move in the environment and potential exposure 
pathways to humans and other organisms.  The most obvious sources of the pollutants 
in the water catchment is either domestic, commercial and/or trade waste.  Other 
sources such as atmospheric depositions and soil mobilisation resulting from rainfall 
must also be considered. 
1.4 BIOSOLIDS REGULATIONS 
In Australia, independent regulations have been developed in New South Wales 
(NSW EPA, 2000), Queensland (Qld EPA, 2002), South Australia (S.A. EPA, 2006), 
Tasmania (Anonymous, 1999), Victoria (EPA Victoria, 2004), Western Australia 
(Anonymous, 2002) for a range of metals, organic compounds and treatment 
requirements for final pathogen content.  Australian guidelines have also been 
developed by the National Water Quality Management Strategy and are presented in 
Table 1-3.   
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Table 1-3 Australian ‘National Water Quality Management Strategy’ chemical contamination 
guidelines (mg kg-1 dw) (NRMMC, 2004) 
 Constituent Unrestricted use Contaminant limit 
Metals Arsenic 20 60 
 Cadmium 1 20 
 Chromium (III) 100-400 500-3000 
 Copper 100 2500 
 Lead 150-300 420 
 Mercury 1 15 
 Nickel 60 270 
 Selenium 3 50 
 Zinc 200 2500 
Organic Compounds ΣDDT 0.5 1 
 Other OCPs 0.02-0.05 0.5 
 PCBs 0.05-0.3 0.5 
 
Metal contamination has been the major focus of Australian regulators (NRMMC, 
2004).  Australian scientists have recently completed a large volume of experimental 
work (National Biosolids Research Program) that has focussed on metal 
contamination soils and plant toxicity, which may change the way that Australia 
regulates biosolids with respect to metals.  The US EPA developed chemical pollutant 
limits based upon sewage-sludge surveys and risk assessments, which were used to 
identify and characterize risks from chemical pollutants in sewage sludge (National 
Research Council, 2002).  The risk assessments considered a variety of pathways by 
which humans, animals, plants, and soil organisms could be exposed to pollutants, 
and pollutant concentration limits were developed for ten inorganic chemicals 
(arsenic, cadmium, chromium, copper, lead mercury, molybdenum, nickel, selenium, 
and zinc), using the most limiting exposure pathway (National Research Council, 
2002). 
There are currently no Australian guidelines that propose numerical limits on the 
concentration of dioxin-like compounds within soils (NEPC, 1999).  Only EPA 
Victoria has proposed an “investigation limit” of 50 ng TEQ kg-1 dw (unitless) (EPA 
Victoria, 2004).  Germany has a long-term objective to have dioxin-like compounds 
soil concentrations below 5 ng I-TEQ kg-1 dw.  Cultivation of foodstuffs is not 
restricted in the case where the soil contains 5 – 40 ng I-TEQ kg-1 but is limited to 
plants with minimum dioxin-like compounds transfer (Muller et al., 1993).  The New 
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Zealand soil threshold of 10 ng I-TEQ kg-1 dw for agricultural soil is based upon 
protection of human health and incorporating the WHO tolerable daily intake for 
PCDD/F of 10 pg kg-1 body weight per day (Muller et al., 2004).  Several European 
countries regulate permissible concentrations of dioxin-like compounds in biosolids 
and the of 100 WHO98 TEQ was the last recommendation by the European Union 
(European Union, 2001).  The US EPA had proposed a numerical limit of 300 ng I-
TEQ kg-1 dw but decided against implementing this contaminant limit (U.S. EPA, 
2003). 
There are no contaminant limits domestically or internationally for PBDEs or PBBs in 
biosolids or soil. 
Internationally, few countries regulate permissible levels organic pollutants in 
biosolids, and other than Australia, no country regulates the classic organochlorine 
pesticides (OCPs).  Other countries do regulate permissible levels of PCBs in sludge.  
The European Union proposed a limit of 0.8 mg kg-1 dw (European Union, 2001), and 
some European countries have more stringent regulations; Sweden, Austria and 
Germany have contaminant limits of 0.4, 0.2 and 0.2 mg kg-1 dw respectively 
(European Commission, 2001).  In Australia, independent regulations have been 
developed in New South Wales (NSW EPA, 2000), Queensland (Qld EPA, 2002), 
South Australia (S.A. EPA, 2006), Tasmania (Anonymous, 1999), Victoria (EPA 
Victoria, 2004), Western Australia (Anonymous, 2002) and nationally (NRMMC, 
2004).  All of these regulations are similar and specify regulation limits for a small 
number of OCPs (DDT/DDD/DDE, dieldrin, aldrin, lindane, chlordane, HCB, and 
heptachlor) and PCBs; both with maximum permissible concentration of 1 mg kg-1 
dw.  There doesn’t appear to be a scientific basis for the Australian organic pollutant 
contaminant limits.  In contrast to the low permissible contaminant levels the US EPA 
calculated predicted maximum contaminant limits that would results in unacceptable 
exposure to humans for aldrin/dieldrin (3.9 mg kg-1 dw) chlordane (122.9 mg kg-1 
dw), Total DDT (171.4 mg kg-1 dw), HCB (41.4 mg kg-1 dw), lindane (120 mg kg-1 
dw) and PCBs (6.6 mg kg-1 dw).  They didn’t regulate these compounds because one 
of the following criteria was met: (1) the pollutant is banned for use, has restricted use 
or is not manufactured for use in the USA, (2) the pollutant is detected infrequently in 
sludge and is present is ≤ 5% of sludge samples or (3) the limit for an organic 
pollutant derived from 503 exposure assessment is greater than the 99th percentile 
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concentration in sludge (U.S. EPA, 1994).  There are regulations on the 
concentrations of OCPs and PCBs in Australian soils; dieldrin 10 mg kg-1 dw, 
chlordane 50 mg kg-1 dw, Total DDT 200 mg kg-1 dw, heptachlor 10 mg kg-1 dw and 
PCBs 10 mg kg-1 dw. and these concentration limits are the most stringent of any 
classification type i.e. standard residential properties with accessible and/or garden 
that contributes < 10 % of the dietary vegetable and fruit intake (NEPC, 1999).  
Interestingly, the concentrations recommended for the upper contaminant limits in 
residential soils is greater than that for sewage sludge for land application within 
Australia. There are no guidelines for the concentrations of these pesticides within 
agricultural soils. 
The United States currently does not require biosolids to be monitored for organic 
pollutants (U.S. EPA, 1999), but in the past has required that biosolids contain no 
more than 10 mg kg-1 dw of PCBs.  The regulation of organic compounds was not 
done because at least one of the following criteria applied: the pollutant is banned for 
use, has restricted use or is not manufactured for use in the US; the pollutant is 
detected infrequently in sludge and is present in less than 5% of sludge samples; the 
limit for an organic pollutant derived from the 503 exposure assessment is greater 
than the 99th percentile concentration in sludge (U.S. EPA, 1999).  The European 
Union directive did not include pollutant limits for organic compounds.  However, 
some countries have included organic compounds when determining their respective 
pollutant limits. The European Union has proposed revisions to its directive for 
organic compounds in biosolids.  The proposed guidelines are given Table 1-4. 
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Table 1-4 European Commission proposed limits for concentrations of 
organic compounds in biosolids for use on agricultural land  
Organic Compounds Proposed Limit Values 
mg kg-1 dw 
Absorbable organically bound halogen 
(AOX) 
500 
Linear alykyl sulphonate (LAS) 2,600 
Di(2-ethylhexyl)phthaalte (DEHP) 100 
Nonylphenol ethyoxylate (NPE) 50 
Polyaromatic hydrocarbons (PAHs) 6 
Polychlorinated biphenyls (PCBs) 0.8 
Dioxin-like compounds 100 ng TEQ kg-1 dw 
Reproduced from (European Commission, 2001) 
 
These proposed changes may require a biosolids users to measure “Absorbable 
Halogen Compounds” (AOX) and this test will not only measure the loading of 
organochlorine pesticides but also other halogenated compounds such as PCBs, 
dioxin-like compounds, and brominated flame retardants (European Commission, 
2001).  Not only will AOX measurements also measure naturally occurring 
halogenated compounds (Asplund & Grimvall, 1991) but studies have shown that 
there is no relationship between chlorinated pollutants and AOX concentrations (Frost 
et al., 1993), which suggests that this test is too general to provide accurate 
information about contaminant levels in biosolids and appropriate regulatory 
responses. 
1.5 PROJECT OVERVIEW 
The risk of human exposure to organic compounds derived from sewage sludge land 
application has received much attention internationally and is the reason why the 
Australian water industry proposed this project.  Reviews on each of the major 
biosolids-human exposure pathways have been written, such as plant accumulation 
(O'Connor, 1996), grazing animal bioaccumulation (Duarte-Davidson & Jones, 1996), 
off-site movement and groundwater contamination (Wilson et al., 1996).  But again, 
no research has been conducted within Australia. 
The aims of this research were: 
1. Determine the typical levels of the selected organic pollutants in Australian 
sewage sludge; 
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2. Identify where possible the sources of the selected organic pollutants in 
Australian sewage sludge; 
3. Compare the concentration of the selected organic pollutants in Australian 
sewage sludges to international levels; 
4. Perform a human health risk assessment for exposure to the selected organic 
compounds deriving from sewage sludge land application 
This research has been approached from two perspectives – one that is concerned with 
environmental monitoring and the second is data collation for the human health risk 
assessment of sewage sludge/biosolids land application.  The research has been 
completed from the point of view of an environmental scientist.  In this case, the role 
of an environmental scientist is to explain the concentrations and trends of organic 
pollutants with respect to their application or function within society and their 
historical use.  The concentrations of the chemicals of concern need to be placed into 
context that facilitates understanding by regulators and concerned citizens.  The 
empirical data collected in this research will serve as the basis from which Australian 
regulators can make informed decisions about risk management for sewage sludge. 
‘Chapter 2 Method’ presents the theoretical basis for the analytical techniques that 
have been used.  Each of the chemicals of concern are discussed in self-contained 
chapters that contains a historical overview of the COCs, followed by a presentation 
of the studies undertaken.  Chapter 3 is focussing on dioxin-like compounds and 
discusses the results of two studies; an Australian sewage sludge survey (2006) and 
time series analysis of dioxin-like compounds sewage sludge concentration generated 
from three WWTPs in Perth, Australia between the years 2002 and 2006. PBDEs and 
PBBs are the subject of Chapter 4.  The results of an Australian sewage sludge survey 
(2006) and a comparison of sludge levels from the same WWTPs in 2005 and 2006 
are presented.  An experiment that investigated the distribution of PBDEs within an 
Australian WWTP was performed in 2007 and the quantities of PBDEs that are 
released into the environment via treated effluent and sewage sludge have been 
determined.  OCPs and PCBs are the subject of Chapter 5 and the results of three 
studies are presented.  This includes the collation of Australian OCP/PCB sewage 
sludge concentration data between the years 2004 and 2006.  An independent survey 
was undertaken in 2007 and an analysis of a ten-year time series was completed.  
PAEs are the subject of Chapter 6 and the results of an Australian sewage sludge 
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survey are presented.  A survey of Australian sewage sludge/biosolids was undertaken 
for each of the chemicals of concern with surveys undertaken in 2006 and 2007, with 
sample analysis completed at the National Measurement Institute in Sydney due to the 
specialized analytical requirements.  Time series analysis has been undertaken using 
historical and collected data for dioxin-like compounds, PBDEs, OCPs and PCBs. 
Chapter 7 presents a human health risk assessment for the land application of sewage 
sludge as biosolids where all the data that was collated is used as the basis for this 
assessment.  This risk assessment also provides a framework for the screening of the 
risk of new emerging organic pollutants. 
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2.1 INTRODUCTION 
The discussion in this chapter will focus on the major aspects of the analytical 
process; quality control, sample extraction, sample cleanup and instrumental analysis.  
The theoretical aspects of the techniques will be discussed, as well as the exact 
methodology that was employed for the analysis of the chemicals of concern.  The 
analysis of various organic compounds has been undertaken as part of this research 
and are based upon U.S. EPA methodologies (U.S. EPA, 2005).  The analysis was 
commissioned by the author and undertaken at the National Measurement Institute 
(Sydney, Australia), a NATA accredited laboratory with expertise in the analysis of 
chemicals of concern.  The primary instrumentation techniques for the analytes 
(dioxins and furans, PCBs, OCPs, phthalates and PBDEs) are gas chromatography 
with either an electron capture detector (GC-ECD) or mass spectrometry (GC-MS).  
2.2 HISTORICAL ANALYTICAL METHOD DEVELOPMENT  
The improvements in analytical techniques will affect the results generated and has 
implications for the historical analysis of the scientific literature. The current 
preferred method of analysis is extraction into an organic solvent (i.e. liquid-liquid, 
Soxhlet, accelerated solvent extraction), followed by suitable cleanup such as florisil 
and analysis by gas chromatography with either an electron capture detector or mass 
spectrometry (US EPA, 1996).  It took some years for the advent of technology 
capable of dealing with the environmental concentrations of these chemicals.  In the 
fifties gas chromatography was a curiosity, the electron capture detector was not 
invented until 1960, and the analytical chemistry was comfortable with concentrations 
in the mg % (mg/100 g = 10 ppm) range (Zitko, 2003).  Even in 1967, gas 
chromatography (packed column) with electron capture detection, thin layer 
chromatography, and infrared spectrophotometry were the methods of choice to study 
environmental fate of DDT and metabolites (Zitko, 2003). It took another ten years 
and the advent of gas chromatography on capillary columns and the mass analyser 
detector, to achieve a reliable identification and confirmation of the COCs.   
In the late 1960s and early 1970s, gas chromatographic methods with packed columns 
were used for the quantification mainly and the detection level was normally in the 
range of mg kg-1 (IPCS, 1989). In 1964, Ryhage solved the problem of combining a 
gas chromatograph with a mass spectrometer and in the following years, various types 
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of mass spectrometer and gas chromatograph/mass spectrometer combinations were 
developed and used during the 1970s and 1980s (Bartle & Myers, 2002). Use of these 
more sophisticated instruments allowed for the development of validated analyses 
(IPCS, 1989). Many orders of magnitude increase in sensitivity, attained by the new 
analytical techniques revealed a widespread presence of these compounds in the 
environment (Zitko, 2003). 
The analysis of organic pollutants in all matrix types is extremely challenging and 
sewage sludge is quite possibly the hardest, as there are many interfering compounds. 
It is also common to find a variation in the results as demonstrated by Stephens et al. 
(2001) reporting samples analysed at five laboratories had a 45 % variation in sludge 
samples and 28 % variation of standard solutions (28%) for PCDD/Fs (Stevens et al., 
2001). 
PAEs are ubiquitous laboratory contaminants (DEHP and DOP) because of their use 
as plasticizers in common laboratory materials.  Knowledge of this contamination 
should be considered when assessing historical data (Table 2-1. 
Table 2-1 DEHP content (mg kg-1 dw) of some common 
laboratory items 
Material DEHP  
mg kg-1 
Tygon tubing 20,000 
Neoprene stopper 1,600 
Black rubber stopper 30 
Cork 6 
Amber latex tubing 4 
Glass wool 1 
Teflon Sheet 0.8 
Polyethylene tubing 0.8 
Alumnium foil 0.3 
Tap water 0.0015 
Sodium chloride 0.0015 
Sodium sulfate 0.0002 
Florisil 0.00005 
Distilled water <0.00005 
Reproduced from Giam et al. 1984  
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2.3 QUALITY CONTROL 
In environmental analysis and monitoring, quality assurance of data collection 
involves several steps, including project planning and design, sample collection and 
storage, laboratory analysis and data analysis.  Two important terms in quality 
assurance are accuracy and precision.  Accuracy is the closeness of a determined 
value to its ‘true’ value, while precision is the closeness of the determined values to 
each other.  For example an analysis of dioxins in soil could produce precise (i.e. 
repeatable) but inaccurate (i.e. untrue) results.  
To demonstrate the validity of an analytical technique a number of techniques were 
employed such as “method blanks”, “matrix spikes”, “laboratory control samples” and 
“duplicates”.  The purpose of control samples is to demonstrate that the levels of 
compounds measured are accurate.  It is also useful for identifying sources of 
contamination and errors in the laboratory technique. 
A method blank (hydromatrix) was analysed with each batch (at most 10 samples) of 
samples processed to assess contamination (U.S. EPA, 1996e).  The procedures used 
for determining the bias of the method due to the matrix was the use of “matrix spike” 
and “surrogate standards”.  The matrix spike involves spiking all the ‘natives’ (and 
surrogates) into a real sample or a controlled matrix sample in order to assess the 
efficiency of the extraction and cleanup process.  Isotope dilution was used for the 
analysis of dioxin-like compounds (U.S. EPA, 1994) and PBDEs/PBBs (U.S. EPA, 
2007).  Isotope dilution involves the addition of isotopically labelled compounds that 
require quantitation prior to sample extraction and is employed to monitor the 
efficiency of sample extraction and sample clean up processes.   
2.4 SAMPLE EXTRACTION 
Organic pollutants in potable or non-potable water, soils, sediments, biosolids, solid 
wastes, and other matrices must be brought into an appropriate organic solvent or 
their injection into the gas chromatography (GC) column.  Such extraction also 
enables the concentration of analytes in samples by several orders of magnitude for 
their detection at µg kg-1 or ng kg-1 level.  Depending upon the nature of sample 
matrices, various extraction techniques may be effectively applied for accurate and 
low level detection of organics.   
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The primary extraction technique employed was Accelerated Solvent Extraction 
(ASE).  Samples were prepared for extraction either by either air drying or freeze 
drying biosolids samples prior to extraction. The soil samples were sieved for a 1mm 
fraction thereby removing pieces of biosolids.  The freeze dried biosolids were ground 
where possible.  The extraction cell containing the sample is heated to the extraction 
temperature, pressurized with the appropriate solvent system, and extracted for 5 
minutes (or as recommended by the instrument manufacturer). The solvent is 
collected from the heated extraction vessel and allowed to cool.  
2.5 SAMPLE CLEAN-UP 
Sample extracts injected into the GC can be contaminated with many interfering 
compounds.  This can have two serious detrimental effects.  The first problem is the 
co-elution of compounds interfering with the detection of the analyte of interest and 
the second problem is damage to the analytical instruments.  The problems associated 
with extract contamination are loss of detector sensitivity, a shortened column 
lifetime, extraneous peaks, and a deterioration in peak resolution and column 
efficiency (U.S. EPA, 2000).  The sewage sludge matrix is one of the most difficult 
sample matrixes for the analysis of organic analytes due to the level of extract 
contamination.  The cleanup procedures therefore become a crucial step in the 
analytical process. 
The sample extracts may be purified by one or more of the following techniques: 
• Partitioning between immiscible solvents 
• Adsorption chromatography 
• Gel permeation chromatography 
• Destruction of interfering substances with acids, alkalies, and oxidising agents 
• Distillation 
The equipment available to the analyst and the experience in the working laboratory 
will influence how the work is performed or why one cleanup technique is chosen 
over another.  A summary of the cleanup methods is presented in Table 2-2.  Each 
analyte group of interest often has unique recommended cleanup procedures making 
the co-analysis of various groups of organic compounds challenging.  Almost all of 
the sample cleanup processes that the U.S. EPA recommends have been performed as 
part of this research work, therefore a brief discussion of each technique follows. 
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Table 2-2 summarises the technique and Table 2-3 indicates the techniques applicable 
to each analyte. 
Table 2-2 U.S. EPA sample cleanup methods (3600 series) 
Method  Name Cleanup Type 
3610 Alumina Cleanup Adsorption 
3620 Florisil Cleanup Adsorption 
3630 Silica Gel Cleanup Adsorption 
3640 Gel Permeation Cleanup (GPC) Size-Separation 
3650 Acid-Base Partition Cleanup Acid-Base Partitioning 
3660 Sulphur Cleanup Oxidation/Reduction 
3665 Sulphuric Acid/Permanganate Oxidation/Reduction 
 
Table 2-3 U.S. EPA recommended cleanup techniques for indicated groups of compounds 
Analyte Group Determinative Method Cleanup Method Options 
Brominated Flame Retardants - - 
Organochlorine pesticides 8081 3620, 3640, 3660 
PCBs 8082 3620, 3630, 3665 
Chlorinated Hydrocarbons 8121 3620, 3640 
PCDDs and PCDFs by LR/MS 8280 8280 
PCDDs and PCDFs by HR/MS 8318 8318 
 
2.5.1 Alumina Column Cleanup 
This method is used with either traditional column chromatography or solid-phase 
extraction cartridges.  Highly porous and granular aluminium oxide – available in 
three pH ranges (acidic, neutral and basic) – is used.  Analytes are separated from the 
interfering compounds by virtue of their different chemical polarity.  The column is 
packed with alumina and then covered under anhydrous Na2SO4.  The extract is then 
loaded on it.  A suitable solvent is selected to elute the analytes.  The interfering 
compound is left adsorbed onto the column.  Each of the three pH ranges of alumina 
has different applications.  Basic alumina (pH 9 to 10) is most active at separating 
basic and neutral compounds: alkali, alkaloids, steroids, alcohols, and pigments (U.S. 
EPA, 1996a).  However, certain solvents such as acetone or ethyl acetate cannot be 
used and the basic form of alumina can cause polymerisation, dehydration, and 
condensation reactions (Patnaik, 1997).  The neutral form is less active than the basic 
grade and is used to separate aldehydes, ketones and the acidic form (pH 4 to 5) is 
used to separate strong acids and acidic pigments (U.S. EPA, 1996a).  
Chapter 2 
 - 26 - 
2.5.2 Florisil Column Cleanup 
Florisil™ is a form of magnesium silicate with acidic properties.  Florisil cleanup may 
be accomplished using a glass chromatographic column packed with Florisil or using 
solid-phase extraction cartridges containing Florisil.  The column or extraction 
cartridge is packed with florisil, topped with anhydrous sodium sulfate, and then 
loaded with the sample to be analysed (Patnaik, 1997).  Suitable solvent(s) are passed 
through the column.  The eluate is concentrated for analysis, while the interfering 
compounds are retained on the column. 
It is suitable for cleanup of sample extracts containing the following types of analytes:  
organochlorine pesticides, organophosphorus pesticides, phthalate esters, 
nitrosamines, haloethers, nitroaromatics, and chlorinated hydrocarbons (U.S. EPA, 
1996b).  Florisil is also used to separate aromatic compounds from aliphatic-aromatic 
mixtures, as well as to separate esters, ketones, glycerides, steroids, alkaloids, and 
some carbohydrates.  It can be used to separate out nitrogen compounds from 
hydrocarbons (U.S. EPA, 1996b).  
2.5.3 Gel-Permeation Chromatography 
Gel-permeation chromatography (GPC) is a size exclusion cleanup procedure using 
organic solvents and hydrophobic gels in the separation of synthetic macromolecules. 
The packing gel is porous and is characterized by the range or uniformity (exclusion 
range) of that pore size.  GPC is recommended for the elimination from the sample of 
lipids, polymers, copolymers, proteins, natural resins and polymers, cellular 
components, viruses, steroids, and dispersed high-molecular weight compounds. GPC 
is appropriate for both polar and non-polar analytes, therefore, it can be effectively 
used to cleanup extracts containing a broad range of analytes (US EPA, 1994). 
2.5.4 Silica Gel Cleanup 
Silica gel is a regenerative adsorbent of amorphous silica with weakly acidic 
properties.  It is made by treating H2SO4 with sodium silicate when used for cleanup 
purposes (Patnaik, 1997).  Interfering compounds of different polarity are absorbed 
onto and retained on the column.  There are two types of silica gel: activated and 
deactivated.  The former is prepared by heating silica gel for several hours at 150°C.  
It is used to separate hydrocarbons.  The deactivated form contains <10% water and is 
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used to separate plasticizers, steroids, terpenoids, alkaloids, glycosides, dyes, lipids, 
sugar, esters, and alkali metal cations. (U.S. EPA, 1996c). 
2.5.5 Sulphur Cleanup 
Sulphur is a typical contaminant in sewage sludge and may mask the region of 
chromatogram, overlapping with peaks of interest.  Sulphur may occur as organic of 
inorganic sulfur and two separate techniques are used to remove both of these.  
Inorganic sulphur is removed by treating the extract with copper.  Copper is activated 
by washing with pre-cleaned hydrochloric acid (50/50 v/v) and the extract is passed 
through a miniature packed column and eluted with hexane (U.S. EPA, 1996d).  A 
packed column of silver oxide mixed with florisil, eluted with hexane was performed 
to removed organic sulphur residues.  
2.5.6 Permanganate-Sulphuric Acid Cleanup 
Interfering substances in the sample extract can be destroyed by treating the extract 
with a strong oxidizing agent, such as KMnO4 or a strong acid like conc. H2SO4, or a 
combination of both.  The analyte must be chemically stable to these reagents.  This 
method can be applied to dioxins, PBDEs and PCBs but cannot be applied to OCPs as 
some pesticides are destroyed (i.e. dieldrin) (U.S. EPA, 1998).  Concentrated 
sulphuric acid was mixed with 10 mL of sample extract (in hexane) and washed in a 
liquid-liquid style setup up to 7 times, or until all residual color was removed.  If the 
color of humic material was still present after 7 acid washes a base wash was 
conducted (conc. potassium hydroxide, KOH) (U.S. EPA, 1994).  
2.6 SAMPLE COLLECTION 
A survey of Australian sewage sludge was undertaken in 2006 (n=16) and 2007 
(n=13) and were analysed for the COCs.  Samples were collected in from each state 
of Australia from a range of urban (population > 1,000,000) and rural (population < 
300,000) sources.  The details of the samples collected will be presented within each 
of the appropriate chapters.  Sample kits contained pre-cleaned 4 × 250mL glass jars 
with teflon lined lids, cleaned trowel, nitrile gloves, project details, sampling 
instructions and sampling log.   The sample kits were prepared at RMIT University 
and sent via courier, with instructions to the participating WWTPs. Table 2-4 
describes the treatment process for each of the participating WWTPs.  Sewage sludge 
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samples were collected by on-site workers, who were provided with sample-kits 
containing pre-cleaned amber-glass jars with Teflon lined lids.  Samples were sent via 
courier to NMI for analysis and freeze dried prior to sample treatment.  Samples were 
then sent via courier to RMIT University or the National Measurement Institute.  The 
sampling kit letter has been included in the APPENDIX.  (U.S. EPA, 2000). 
Table 2-4  Australian Sewage Sludge Survey 2006 - Type of treatment process and source of wastewater; U 
= Urban, R = Rural 
WWTP Population1 Treatment Method Source  
U1 4,297,000 Anaerobically digested and freshly 
dewatered. 
Services residential and industrial 
areas. 
U2 1,811,000 Activated Sludge, Dewatered.   Composition industrial and 
domestic. 
U3 1,139,000 Activated sludge. Dissolved air-flotation 
filtration.   
Mixture of domestic and industrial 
and some groundwater runoff. 
U4 1,139,000 Integrated fixed-film activated sludge.   Mixture of domestic and industrial 
and some groundwater runoff. 
U5 3,850,000 Activated sludge plant.  Anaerobically 
digested primary and secondary sludge.  
Dewatered in sludge drying pans.  Stockpiled 
for >3 years.   
Industrial and domestic 
U6 1,508,000 Mesophilic anaerobic digestion, centrifuge 
dewatering, 110 ML/day. 
Mainly domestic ~2% industrial 
input. 
U7 1,508,000 Activated sludge.  Mechanically dewatered.  
Chemically stabilized (lime). 60 ML/day.  
Mainly domestic, ~5% industrial. 
U8 1,508,000 Mesophilic anaerobic digestion, centrifuge 
dewatering. 120 ML/day. 
Mainly domestic ~9% industrial 
input 
R1 142,000 Stored in a lagoon for 6 months.  Dewatered 
by centrifuge and stockpiled for 4 months.  
92% domestic 8% trade waste. 
R2 106,000 Lagoon.  Dewatered by vacuum filtration Domestic and light industrial. 
R3 27,000 Activated sludge.  Dewatered.   Domestic source. 
R4 35,000 Aerobic digestion.  Dewatered.   Domestic and light industrial. 
R5 202,000 Chemically stabilized with lime. Domestic and industrial 
R6 52,000 Dewatered and chemically stabilized (lime).   Mainly domestic. 
R7 5,000 Activated sludge and lagoon process.  Land 
dried. 
Domestic and abattoir  
R8 14,000 Oxidation treatment pond. Solar dried. Domestic and Industrial 
1Population refers to the population of the town/city and not just the feeding population of the WWTP 
 
2.7 MATERIALS & METHODS 
2.7.1 Dioxin-like compounds 
Two different studies of dioxin-like compounds in Australian sewage sludge were 
undertaken.  They were investigations of (a) dioxin-like compounds in Australian 
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sewage sludges (2006) and (b) the levels of dioxin-like compounds measured at three 
WWTPs between the years 2002 and 2006. 
2.7.1.1 Australian Sewage Sludge Survey 2006 
Samples (n=16) collected in 2006 were analysed for dioxin-like compounds. 
2.7.1.2 Dioxin-like compounds Variation with Time  
Two sewage sludge samples were collected and analyzed for dioxin-like compounds 
from three WWTPs (U6, U7 & U8) from Perth, Western Australia, in the years 2002, 
2003, 2005 and 2006. Samples were collected with the methodology as described 
above. 
2.7.1.3 Analytical Method 
All samples from both studies were analyzed at the National Measurement Institute in 
Sydney, Australia.  Various water utilities and the author commissioned the analysis.  
Sludge samples were extracted using accelerated solvent extraction (ASE) and the 
extracts were subsequently treated with concentrated sulfuric acid, treated for 
inorganic and organic sulfur by copper and silver nitrate clean-up techniques 
respectively. A commercial automated clean-up procedure (PowerPrep™ by Fluid 
Management Systems, Waltham, MA, USA) that employs acid and base modified 
silica gels and basic alumina column chromatography was used to remove 
interferences from the sample extract and produce a cleaned up final extract.  
Analyses were undertaken for PCDDs/PCDFs and dioxin-like PCBs using isotope 
dilution capillary gas chromatography-electron impact high-resolution mass 
spectrometry with monitoring of either M+, [M+2]+ or [M+4]+ ions.  The analytical 
procedure was based upon standard US EPA methodologies (U.S. EPA, 1994).    
Instrument: GC HP 6890 coupled to Finnigan MAT 95XL HRMS.  Regular analysis 
was performed with a Phenomenex ZB-5MS column (60m × 0.25mm × 0.25µm) and 
confirmation was performed using a J&W Dbdioxin column (60m × 0.25mm × 
0.15µm).  Injector Temperature 300 oC (ZB-5MS) 270 oC (DB-Dioxin) Injection 
Volume 1 µL splitless. Carrier Gas Helium, run under constant flow mode.  
Temperature Program DB-5:  100°C for 1 min, ramp 40°C min-1 to 200°C, ramp 
3.0°C min-1 to 235°C, hold for 10 min, ramp 5.0°C min-1 to 310°C, hold for 9 min.  
Dbdioxin: 120°C for 1 min, ramp 50°C min-1 to 220°C, ramp 2.5°C min-1 to 270°C, 
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hold for 35 min. Transfer Line 280°C (DB-5) 250°C (DB-Dioxin) MS Parameters 
Ion Source: 240°C, Filament Current: 0.7 mA, Electron Multiplier Voltage: Set to 
produce a gain of 106.  Resolution was checked at the beginning and end of each 
sequence to ensure that the final resolution was not less than 10,000.   
2.7.2 Polybrominated diphenyl ethers and polybrominated biphenyls  
The aim of this section was to assess the typical PBDE burden within Australian 
sewage sludges.  To achieve this, three studies were undertaken.  The first was a 
survey of the concentration of PBDEs in sewage sludge samples taken from sixteen 
Australian WWTPs in 2006.  The second is an analysis of PBDE levels in sewage 
sludge samples from three WWTPs over two successive years.  The third was an 
experiment where the concentrations of PBDEs were determined at various stages of 
an Australian WWTP in order to determine is any degradation occurred and the 
quantities that are being released into the environment via effluent and sewage sludge 
land application.  PBDEs were quantified using isotope dilution internal standard high 
resolution gas chromatography/high resolution mass spectrometry (HRGC/HRMS).  
Analysis was undertaken for the following PBDE congeners; BDE17, 28&33, 47, 49, 
66, 77, 85, 99, 100, 119, 138&166, 153, 154, 183, 184, 196, 197, 206, 207 and 209.  
The analyses were conducted at the National Measurement Institute (NMI), Sydney 
(Pymble), Australia. 
2.7.2.1 Australian Sewage Sludge Survey 2006 
Samples (n=16) collected in 2006 were analysed for PBDEs and PBB153. 
2.7.2.2 Comparison of PBDE Levels Over Time 
Two sewage sludge samples were collected and analyzed for PBDEs and BB153 from 
three WWTPs (U6, U7 & U8) from Perth, Western Australia, in the years 2005, and 
2006.  Samples were collected with the methodology as described above. 
2.7.2.3 Investigating the Fate of PBDEs at U7 WWTP 
The aim this experiment was to measure the concentration of the most common 
PBDEs through the WWTP process; consisting of preliminary, primary and secondary 
treatment and tertiary treatment.  The preliminary treatment removes coarse inorganic 
material, the primary treatment consists of sedimentation tanks and the secondary 
treatment process comprising a conventional activated sludge process with biological 
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nutrient removal.  The sludge from primary and secondary treatment is further treated 
to produce biosolids.  Sample locations are designated with the numbers 1 to 7, 
detailed in Table 2-6 and Figure 2-1, and were collected by a traditional grab sample.  
2.7.2.3.1 Grab Samples 
Grab samples were collected from the various stages of the Subiaco WWTP and 
measured for PBDE congeners.  Four effluents - raw (1), primary (2), secondary (3) 
and tertiary treated (4), and three sludges – primary (5), secondary (6) and lime 
stabilised biosolids (7) Table 2-6 were collected on Monday 12th November 2007 
(A), Thursday 22nd November 2007 (B) and Monday 3rd December 2007 (C) and 
volumes of water treated are listed in Table 2-5 (NOTE: Volume of final effluent is 
greater than raw water due to the addition of flocculants).  All samples were collected 
between 11am and 1pm, which corresponded to peak water in-flow. 
Table 2-5 Volumes of water introduced into the Subiaco WWTP and released via secondary treated effluent 
(ocean outfall) and tertiary treated effluent (irrigation) mega-litres (ML) 
Sample 
Label 
Date Inflow Irrigation Ocean Outfall 
A Monday 12th November 
2007 
60.02 2.0 67.03 
B Thursday 22nd November 
2007 
64.43 1.27 65.75 
C Monday 3rd December 
2007 
61.37 2.2 66.22 
 
2.7.2.4 Semi-Permeable Membrane Device Deployment 
Five semi-permeable membrane devices (SPMDs) were deployed for 29 days at the 
WWTP, located in the raw water (PS1), primary effluent (PS2), secondary effluent 
(PS3) and tertiary effluent (PS4a, PS4b) and were regularly checked for interfering 
materials.  At the end of the experiment the SPMDs were removed from the effluent 
channels and sealed into tins and sent to the laboratory for analysis.  A field blank and 
laboratory blank was completed for quality control purposes. 
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Table 2-6 Summary of the samples to collected as part of this study 
Sample 
Location 
Description Number of 
Samples 
Other tests 
1 Suspension of organic material in water prior to 
primary treatment 
3 × 1 L Suspended solids. 
Organic carbon 
 Passive Sampler 1 (SPMD 1) 1  
2 Primary treated wastewater 3 × 1 L Suspended solids. 
Organic carbon 
 Passive Sampler 2 (SPMD 2) 1  
3 Secondary treated (activated sludge) effluent 3 × 1 L Suspended solids. 
Organic carbon 
 Passive Sampler 3 (SPMD 3) 1  
4 Treated effluent (sand filter and chlorination) 3 × 1 L Suspended solids. 
Organic carbon 
 Passive Sampler 4a,4b (SPMD 4a, SPMD 4b) 2  
5 Primary Treatment raw sludge 4 × 250 mL Moisture content. 
Organic carbon 
6 Secondary treatment activated sludge 4 × 250 mL Moisture content. 
Organic carbon 
7 Chemically stabilized and dewatered biosolids 4 × 250 mL Moisture content. 
Organic carbon 
 Passive Sampler (Field Blank) 
Passive Sampler (Laboratory Blank) 
1 
1 
 
 
 
Figure 2-1 Flow diagram for a water treatment process with sampling points indicated by numbers 
 
2.7.2.4.1 Grab Sample Treatment 
Freeze dried sludge samples (20.0 g) were spiked with 10 µL of mixed PBDE 
surrogate standards and were extracted into toluene using ASE (Instrument Model 
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Dionex ASE 100).  The extracts were concentrated using a Buchi Syncore, which was 
used for concentrating samples throughout the extract cleanup process.  The extract 
was transferred into hexane and then subsequently treated with concentrated sulfuric 
acid for destructive removal of organic material.  The extract was then treated for 
inorganic and organic sulfur by activated copper and silver nitrate clean-up techniques 
respectively. A commercial automated clean-up procedure (PowerPrep™ by Fluid 
Management Systems, Waltham, MA, USA) that employs acid and base modified 
silica gels and basic alumina column chromatography was used to remove 
interferences from the sample extract and produce a cleaned up final extract.  Extracts 
were concentrated to dryness under nitrogen and made up to 40 µL with a PBDE 
internal standard.  Analyses were undertaken for PBDEs and PBBs using isotope 
dilution high resolution gas chromatography – electron ionisation – high-resolution 
mass spectrometry, with monitoring of the following ions: 
Tri, Tetra, Penta BDEs - M+, [M+2]+, [M+4]+, [M+6]+; Hexa, Hepta, Octa, Deca 
BDEs - [M+4-2Br]+, [M+6-2Br]+, [M+8-2Br]+; Hexa BB - [M+2-2Br]+, [M+4-2Br]+. 
The analytical procedure was based upon standard U.S. EPA methodologies (U.S. 
EPA, 2007). 
2.7.2.4.2 Passive Samples - Semi-Permeable Membrane Devices (SPMDs) 
Preparation, Deployment & Extraction 
SPMDs were prepared from lay-flat low-density polyethylene (LDPE) tubing 
(purchased from Brentwood Plastics, MO, USA) of size 105 cm long, 3.0 cm wide, 
wall thickness 0.003 cm.  The tubing was pre-extracted two times by soaking 
overnight in hexane and then dried under nitrogen.  1 mL of triolein (Sigma Glyceryl 
Trioleate T7140 ≥ 99%) containing PAH performance reference compounds 
(Wellington Labs PAH-LCS-A deuterated surrogate) was added prior to the SPMD 
being heat-sealed.  Air bubbles were removed with a short pasteur pipette and triolein 
spread along the tube, no further than 91.4 cm, where it was again sealed.  Three 
SPMDs were looped into a cage for deployment. 
After deployment, SPMDs were first wiped with a white KimwipeTM and rinsed 
under a tap to remove surface material.  The SPMDs were submerged in hexane for 
30 s, followed by 1M HCl for 30 s, rinsed clean with milli-q water, acetone and 2-
propanol.  Once cleaned, the SPMDs were extracted into 400 mL hexane for 8 to 18 h 
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and then re-extracted in hexane for a further 6 h.  The solvent was removed and 
exchanged with dichloromethane.  The extract was passed through a 0.45 µm filter, 
followed by treatment with gel-permeation chromatography (GPC). 2mL of sample 
was eluted from a multi column GPC system (Waters Envirogel™ columns, 4.6mm x 
30 mm guard – 19 mm x 150 mm – 19mm x 300 mm, 100 Å pore size, 10 µm 
nominal particle size) with dichloromethane at 5 mL min-1. The concentrated extract 
was solvent-exchanged into hexane and then subsequently treated with concentrated 
sulfuric acid for destructive removal of organic material.  A commercial automated 
clean-up procedure (PowerPrep™ by Fluid Management Systems, Waltham, MA, 
USA) that employs acid and base modified silica gels and basic alumina column 
chromatography was used to remove interferences from the sample extract and 
produce a cleaned up final extract.  Methodology was based upon previous 
experimental work (Booij et al., 2002). 
2.7.2.5 Instrumental Technique  
Quantification was performed on an Agilent 6890 GC that was coupled to a Thermo 
Finnigan MAT 95XL HRMS. The column used was a DB-5 column (J&W Scientific) 
10 m × 0.1 mm × 0.1 µm.  1 µL sample extract was injected using the splitless method 
with an injector temp of 280°C. The temperature program employed was an initial 
temperature of 120°C held for 2 min, a ramp rate of 15°C min-1 from 120 to 230°C 
followed by a 5°C min-1 increase from 230°C to the final temperature of 320°C that 
was held for 5 minutes.  Helium was used as a carrier gas with constant flow mode of 
0.4 mL min-1. The transfer line was maintained at 280°C.   Electron ionisation (EI) 
mode was used with an electron energy of 70 eV, filament current of 0.7 mV, and 
maintaining the ion source at 240°C.   The electron multiplier voltage was set to 
produce a gain of 106.  
2.7.2.6 Material, Standards and Reagents 
Pesticide grade solvents were purchased from Merck and were tested for 
contamination prior to use.  PowerPrep™ columns (acid and base modified silica gels 
and basic alumina) were purchased from Fluid Management Systems, Waltham, MA, 
USA.   
Isotope dilution was performed using standard compounds purchased from 
Wellington Laboratories Inc., Guelph, Ontario, Canada.  Surrogate Standard: BFR-
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LCS-STK; Calibration Standard: BFR-CVS;  Recovery Standard: BFR-ISS-STK; 
Internal Standard: BFR-CVS. 
2.7.2.7 Quality Assurance/Quality Control 
Internal standard isotope dilution quantification was undertaken within this study.  
This employs the use of 13C12 labelled surrogates and recovery standards.  The 13C12 
surrogates (13C12 BDE28, 47, 77, 99, 100, 126, 153, 183, 197, 205, 207, 209, BB-153) 
are added to the sample prior to extraction and are carried through all the laboratory 
operations.   The internal standards (13C12 BDE-79, -139, 180, 206) were added just 
prior to analysis by HRGC-EI-HRMS.  Both the recovery of the surrogate and internal 
standard response are then used in the quantification of the native BDEs.  
Procedural blanks were performed in each batch of analyses.  All glassware was 
placed in a furnace overnight at 450°C and rinsed with solvent before use.  Each batch 
of disposable equipment such as PowerPrep™ columns were checked prior to use for 
PBDE contamination.  The limit of detection (LOD) was set as the limit of 
quantification (LOQ) and was determined as three times the blank amount.   
The analysis of the higher brominated BDEs, particularly BDE209, is recognised as 
being difficult because it can degrade during the analytical process (Covaci et al., 
2003).   Using a short thin-film capillary column, regularly changing the injection 
liner, and using a low source temperature minimized the potential for degradation of 
BDE209.  
The laboratory is National Association of Testing Authorities (NATA) accredited and 
has participated successfully in four international inter-laboratory studies.  
2.7.2.8 Co-eluting congeners 
Co-elution of congeners BDE138 and 166 is a common problem (Korytar et al., 2005; 
U.S. EPA, 2007).  Therefore a precautionary approach to report BDE138 and 
BDE166 as a co-elution. 
It is also well known that there is co-elution on a DB-5 column between BB153 and 
BDE154 (Stapleton, 2006)  Therefore the use of electron capture detector, negative-
ion chemical ionisation and low-resolution mass spectrometry detectors can lead to an 
over estimation of either compound.  The HRGC-EI-HRMS method used in this study 
overcomes these limitations by careful selection of the respective quantification and 
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confirmatory ions for labelled surrogates and native compounds, as well as operating 
the mass spectrometer at high resolution (R>10,000), thereby ensuring accurate 
identification and quantification.  The ions selected for the 13C12 BB-153 surrogate 
and the native BDE-154 represent [M+2-2Br]+and [M+6-2Br]+, respectively 
(Certificate of Analysis supplied by Wellington Laboratories).  These ions are less 
abundant (< 65%) than the [M+4-2Br]+ ions but can be mass resolved from one 
another with an instrument resolution of >10,000.  This approach has been validated 
by analysing certified standards, procedural blanks and samples containing high 
BB153 and BDE154 levels.  
2.7.3 Organochlorine pesticides and polychlorinated biphenyls 
The aim of this research is to report on the concentrations of OCPs/PCBs in 
Australian sewage sludge/biosolids.  This was achieved by three studies.  The first 
study was a collation of existing OCC concentration data in Australian biosolids 
between the years 2004 and 2006.  The second study was an Australian survey of 
sewage sludge/biosolids, undertaken in 2007 and were analysed for a range of OCPs 
and PCBs.  The final section presents the results of a time series from five WWTPs, 
between the years 1995 and 2006. 
2.7.3.1 OCC Australian Data Survey 
Water Utilities throughout Australia that produce biosolids must routinely monitor the 
biosolids product.  Therefore WWTPs were approached and asked to provide the 
routine analytical chemical data for organochlorine pesticides and polychlorinated 
biphenyls in their biosolids.  Only concentrations that were generated from NATA 
accredited laboratories were accepted.  Only freshly generated biosolids (2004 – 
2006) and not biosolids stockpiles that have residual historical contamination have 
been included in this survey. Anonymity was guaranteed to participating WWTP, 
therefore, results will be discussed in a general sense to preserve anonymity, with the 
data organised by state and year.  
2.7.3.2 OCCs Australian Sewage Survey  
A survey of OCCs in Australian sewage sludge was conducted in 2007 (n=13).  
Samples were collected in amber glass jars with Teflon lined lids.  An aliquot of 
biosolid was extracted with hexane/acetone.  The extract was filtered through sodium 
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sulphate then cleaned up by Gel Permeation Chromatography (GPC) and sulfur 
removal.  The final extract is analysed by twin column GC-ECD (US EPA, 1998).  
Duplicate, laboratory control spike, matrix spike, blank samples were analysed for 
QA/QC purposes. 
2.7.3.3 OCC Time Series 
Time series data was obtained during the collation of OCCs levels in Australian 
sewage sludge.  OCCs concentrations were measured in sewage sludge, generated 
from six NSW WWTP, sampled approximately weekly over ten years (1995 – 2006).  
The analytical methodology and data was generated was from a NATA accredited 
laboratory.   
2.7.4 Phthalate acid esters 
A national survey of Australian sewage sludge was conducted in 2007.  The samples 
were collected in amber glass jars with Teflon lined lids, stored below 4°C and 
analysed within fourteen days of collection by the National Measurement Institute, 
Sydney Australia. An aliquot of solid material is mixed with anhydrous sodium 
sulphate then extracted with dichloromethane/acetone (1:1). The prepared extract is 
analysed by GC-MS in SIM mode.  Quantitation was by the internal standard method 
(US EPA, 2007).  For quality control purposes a duplicate, laboratory control spike, 
matrix spike, blank were analysed; all of which provided satisfactory results. 
2.8 STATISTICAL ANALYSIS 
Statistical analysis has been performed using Minitab 15™. 
2.8.1 Principal components analysis 
Principal components analysis is used to form a smaller number of uncorrelated 
variables from a large set of data.  The goal of principal components analysis is to 
explain the maximum amount of variance with the fewest number of principal 
components.  It can be performed in a using correlation PCA, with standardised data 
of mean zero and standard deviation of one or covariance PCA, which is un-
standardised data (Manly, 1994). 
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3.1  INTRODUCTION 
Chlorinated dioxins and furans (PCDD/Fs) are unintentionally produced by-products 
of chlorinated chemical production and combustion.  They are ubiquitous 
environmental contaminants and classified by United Nations persistent organic 
pollutants (POPs) (UNEP Chemicals).  Consequently, much research has been 
undertaken by governments and researchers throughout the world to understand the 
chemical properties and environmental levels of these compounds, in efforts to 
minimize human and environmental exposure.  Unlike other UNEP POPs, 
PCDD/PCDFs have never been intentionally produced for industrial purposes or 
deliberately released into the environment (IPCS, 1989).  Certain polychlorinated 
biphenyls (PCBs) have been demonstrated to have toxicity similar to PCDD/Fs and 
these are referred to as dioxin-like PCBs.  They will also be discussed within this 
chapter. 
3.1.1 Chemical Properties 
PCDDs and PCDFs each have between one and eight chlorine atoms while PCBs 
have one to ten chlorine atoms bound to the dibenzo-p-dioxin, dibenzofuran and 
biphenyl skeleton respectively (Figure 3-1).  This substitution pattern results in eight 
homologues and 75 congeners for PCDD and 135 congeners for PCDF.  There are ten 
PCB homologues and 209 congeners (Table 3-1). PCBs are also named based on a 
numbering system developed by IUPAC.   This system numbers PCBs from 1 to 209 
based on the position of the halogen atoms on the rings (Ballscmitter & Zell, 1980).  
The differences in chemical structure produce varying levels of toxicity among the 
PCDD, PCDF and PCB families. 
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(a) Polychlorinated  
dibenzo-p-dioxins (PCDDs) 
(b) Polychlorinated  
dibenzofurans (PCDFs) 
(c) Polychlorinated  
biphenyls (PCBs) 
Figure 3-1 Structural formula of (a) polychlorinated dibenzo-p-dioxins (b) polychlorinated dibenzofurans and (c) 
polychlorinated biphenyls 
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Table 3-1 Possible number of isomers within the homologue groups for polychlorinated dibenzo-p-dioxins (PCDDs) 
polychlorinated dibenzofurans (PCDFs) and polychlorinated biphenyls (PCBs) 
Possible number of isomers Homologues 
Dibenzo-p-
dioxin 
Molecular 
Formula 
Dibenzo-
furans  
Molecular 
Formula 
Biphenyl Molecular 
Formula 
Monochloro- 2 C12O2Cl 4 C12H7OCl 3 C12H9Cl1 
Dichloro- 10 C12O2Cl2 16 C12H6OCl2 12 C12H8Cl2 
Trichloro- 14 C12O2Cl3 28 C12H5OCl3 24 C12H7Cl3 
Tetrachloro- 22 C12O2Cl4 38 C12H4OCl4 42 C12H6Cl4 
Pentachloro- 14 C12O2Cl5 28 C12H3OCl5 46 C12H5Cl5 
Hexachloro- 10 C12O2Cl6 16 C12H2OCl6 42 C12H4Cl6 
Heptachloro- 2 C12HO2Cl7 4 C12HOCl7 24 C12H3Cl7 
Octachloro- 1 C12O2Cl8 1 C12OCl8 12 C12H2Cl8 
Nonachlor-     3 C12HCl9 
Decachloro-     1 C12Cl10 
Total 75  135  209  
 
The physical and chemical properties that enable the wide distribution of the 
PCDD/Fs in the environment and enhance their potential for bioaccumulation are: 
environmental persistence, low vapour pressure, extremely low solubility in water, 
solubility in organic/fatty matrices and preference for binding to organic matter in soil 
and sediments  
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Table 3-2 Physical-chemical properties of some chlorinated dibenzo-p-dioxins and dibenzofurans at 25°C 
Compounds CAS No. Molecular Formula MW    
g mol-1 
M.P°C B.P.°C Vapour Pressure (Pa) Log 
KOW 
Henry’s Law Constant  
H Pa m3 mol-1 
Dibenzo-p-dioxin 262-23-4 C12H8O2 184.0 123 283.5 0.055 4.30 11.70 
1-Chloro-  39227-53-7 C12H7O2Cl 218.5 105.5 315.5 0.012 4.775 6.288 
2-Chloro-  39227-54-8 C12H7O2Cl 218.5 89 316 0.017 5.00 12.59 
2,3-Dichloro-  29446-15-9 C12H6O2Cl2 253.0 164 358 0.00039 5.60 6.622 
2,7-Dichloro-  33857-26-0 C12H6O2Cl2 253.0 210 373.5 0.00012 5.75 8.096 
2,8-Dichloro-  38964-22-6 C12H6O2Cl2 253.0 151  0.00014 5.60 2.121 
1,2,4-Trichloro-  39227-58-2 C12H5O2Cl3 287.5 129 375 0.0001 6.35 3.419 
1,2,3,4-Tetrachloro-  30756-58-8 C12H5O2Cl4 322.0 190 419 6.4 × 10-6 6.60 3.747 
1,2,3,7-Tetrachloro- 67028-18-6 C12H4O2Cl4 322.0 172 438.3 1.00 × 10-6 6.90 0.767 
1,3,6,8-Tetrachloro-  30746-58-8 C12H4O2Cl4 322.0 219 438.3 7.00 × 10-7 7.10 0.704 
2,3,7,8-Tetrachloro-  1746-01-6 C12H4O2Cl4 322.0 305 446.5 2.00 × 10-7 6.80 3.337 
1,2,3,4,7-Pentachloro-  39227-61-7 C12H3O2Cl5 356.4 195 464.7 8.80 × 10-8 7.40 0.266 
1,2,3,4,7,8-Hexachloro-  39227-26-8 C12H2O2Cl6 391.0 273 487.7 5.10 × 10-9 7.80 1.084 
1,2,3,4,6,7,8-Hexachloro-  35822-46-9 C12HO2Cl7 425.2 265 507.2 7.50 × 10-10 8.00 1.273 
Octachloro 3268-87-9 C12O2Cl8 460.0 322 510 1.10 × 10-10 8.20 0.684 
         
Dibenzofuran 132-64-9 C12H8O 168.2 86.5 287 0.30 4.31 10.62 
2,8-Dichloro- 5409-83-6 C12H6OCl2 237.1 184 375 0.00039 5.44 6.377 
2,3,7,8-Tetra- 51207-31-9 C12H4OCl4 306.0 227 438.3 2.00 × 10-6 6.1 1.461 
2,3,4,7,8-Penta- 57117-31-4 C12H3OCl5 340.42 196 464.7 3.50 × 10-7 6.5 0.505 
1,2,3,4,7,8-Hexa- 70648-26-9 C12H2OCl6 374.87 225.5 487.7 3.20 × 10-8 7.0 1.454 
1,2,3,6,7,8-Hexa- 57117-44-9 C12H2OCl6 374.87 232 487.7 3.50 × 10-8  0.741 
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Table 3-2 Physical-chemical properties of some chlorinated dibenzo-p-dioxins and dibenzofurans at 25°C 
Compounds CAS No. Molecular Formula MW    
g mol-1 
M.P°C B.P.°C Vapour Pressure (Pa) Log 
KOW 
Henry’s Law Constant  
H Pa m3 mol-1 
1,2,3,4,6,7,8-Hepta- 67562-39-4 C12HOCl7 409.31 236 507.2 4.70 × 10-9 7.4 1.425 
1,2,3,4,7,8,9-Hepta- 55673-89-7 C12HOCl7 409.31 221 507.2 6.20 × 10-9   
Octachloro- 39001-02-0 C12OCl8 443.8 258 537 5.0 × 10-10 8.0 0.191 
Reproduced from “Illustrated Handbook of Physical-Chemical Properties and Environmental Fate for Organic Chemicals” (Mackay et al., 1992). 
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3.1.2 Toxicity Equivalence Schemes (TEQ) 
Given the large number of the dioxin-like compounds a system was developed to 
assign a single numerical value called a Toxicity Equivalence (TEQ) (or 2,3,7,8-
TCDD equivalence) to a mixture of dioxin-like compounds.  The umbrella phrase 
“dioxin-like compounds” is used to describe the toxic chlorinated dioxins, furans and 
PCBs that are included in the World Health Organisation (WHO) TEQ system.  There 
are twenty-nine congeners and includes seven polychlorinated dibenzo-ρ-dioxins 
(PCDDs), ten polychlorinated dibenzofurans (PCDFs) and the twelve co-planar 
“dioxin-like” polychlorinated biphenyls (PCBs) (Van den Berg et al., 1998; Van den 
Berg et al., 2006).  A fundamental requisite of toxicity and inclusion in the TEQ 
system is the substitution of chlorine in the 2, 3, 7 & 8 positions.  The “dioxin-like” 
PCBs were first included when the TEQ system was updated by the World Health 
Organization (WHO) in 1998 and recently again in 2005 (Van den Berg et al., 2006). 
The TEQ system works by assigning Toxicity Equivalence Factors (TEFs) to each 
congener, which is the relative toxicity of the dioxin-like compounds to the most toxic 
congener 2,3,7,8-TCDD which is assigned a value of one.  The concentration of the 
dioxin-like compounds determined in a sample are multiplied by the respective TEFs 
and summed to obtain a single comparable value that is equivalent to the amount of 
2,3,7,8-TCDD in the sample.  The system is based upon a number of assumptions, the 
most important being that the combined effects of the different congeners are 
dose/concentration additive, and the other being that all congeners share a common 
mechanism of toxicity.  This system was first developed in 1977 and was further 
refined by several scientists and regulatory agencies in the 1980s and 90s (Kutz et al., 
1990), resulting in a variety of schemes such as the International TEQ (I-TEQ) which 
was largely developed by the United States Environmental Protection Agency (US 
EPA) (Kutz et al., 1990). The World Health Organization modified the system in 
1998 (WHO98 TEQ) by incorporating “dioxin like” PCBs and this system was 
updated in 2006 (WHO05 TEQ). The WHO98 TEQ is currently the most commonly 
used system within Australia and internationally (Van den Berg et al., 1998; Van den 
Berg et al., 2006) 
Changes to the TEQ scheme by WHO are relatively few, but can make a significant 
difference to the overall TEQ reported, particularly in samples dominated by OCDD, 
such as sewage sludge and soil samples.  Generally, the main congener in sludge 
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samples is OCDD.  The WHO98 TEF of OCDD was reduced by a factor of 10 
compared to the I-TEQ, which can have a significant effect on the reported TEQ.  
Table 3-3 compares the TEFs of the international (I-TEQ), World Health 
Organization 1998 (WHO98 TEQ) and World Health Organization 2005 (WHO05 
TEQ) toxicity equivalence schemes, with changes marked in italics.   
Table 3-3 World Health Organization Toxic Equivalency Factors (TEFs)  
 Toxicity Equivalence Factors 
Congener I-TEQ WHO98 
TEQ 
WHO05 
TEQ 
Chlorinated dibenzo-p-dioxins 
2,3,7,8-TCDD 1 1 1 
1,2,3,7,8-PentaCDD 0.5 1 1 
1,2,3,4,7,8-HexaCDD 0.1 0.1 0.1 
1,2,3,6,7,8-HexaCDD 0.1 0.1 0.1 
1,2,3,7,8,9-HexaCDD 0.1 0.1 0.1 
1,2,3,4,6,7,8-HeptaCDD 0.01 0.01 0.01 
OctaCDD 0.001 0.0001 0.0003 
Chlorinated dibenzofurans 
2,3,7,8-TCDF 0.1 0.1 0.1 
1,2,3,7,8-PentaCDF 0.05 0.05 0.03 
2,3,4,7,8-PentaCDF 0.5 0.5 0.3 
1,2,3,4,7,8-HexaCDF 0.1 0.1 0.1 
1,2,3,6,7,8-HexaCDF 0.1 0.1 0.1 
1,2,3,7,8,9-HexaCDF 0.1 0.1 0.1 
2,3,4,6,7,8-HexaCDF 0.1 0.1 0.1 
1,2,3,4,6,7,8-HeptaCDF 0.01 0.01 0.01 
1,2,3,4,7,8,9-HeptaCDF 0.01 0.01 0.01 
OctaCDF 0.001 0.0001 0.0003 
Non-ortho-substituted PCBs 
3,4,4′,5-TetraCB (81)  0.0001 0.0001 
3,3′,4,4′-TetraCB (77)  0.0001 0.0003 
3,3′,4,4′,5-PentaCB (126)  0.1 0.1 
3,3′,4,4′,5,5′-HexaCB (169)  0.01 0.03 
Mono-ortho-substituted PCBs   
2,3,3′,4,4′-PentaCB (105)  0.0001 0.00003 
2,3,4,4′,5-PentaCB (114)  0.0005 0.00003 
2,3′,4,4′,5-PentaCB (118)  0.0001 0.00003 
2′,3,4,4′,5-PentaCB (123)  0.0001 0.00003 
2,3,3′,4,4′,5-HexaCB (156)  0.0005 0.00003 
2,3,3′,4,4′,5′-HexaCB (15)  0.0005 0.00003 
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2,3′,4,4′,5,5′-HexaCB (167)  0.00001 0.00003 
2,3,3′,4,4′,5,5′-HeptaCB (189)  0.0001 0.00003 
Abbreviations: CDD: chlorinated dibenzo-p-dioxins; CDF: chlorinated dibenzofurans; CB: 
chlorinated biphenyls.  Reproduced from Van den Berg et al., 2006. 
 
3.2 SEWAGE SLUDGE 
Research investigating dioxin-like compounds in sewage sludge has been completed 
in the USA, Germany, Sweden, England, Spain, and more recently, China.  In 
Australia, almost no research has been carried out on the levels of dioxin-like 
compounds in sewage sludge. The dioxin research field is continually evolving with 
respect to trends, methods and knowledge, which can cause difficulties when 
comparing historical research.  An unfortunate trend has been the omission of raw 
data (such as isomer and homologue concentrations) due to the summarizing of data 
to the standards of the day, which have changed over the last thirty years.  The main 
change has been the development and the evolution of the three main TEQ systems 
and, if all the raw data is not included, the updating of old literature and its 
comparison with modern data is difficult. This section will summarize all the peer-
reviewed scientific literature chronologically.  The two most basic assumptions about 
dioxin-like compounds is that they are anthropogenically produced and released into 
the environment (IPCS, 1989) and that during the wastewater treatment process 
dioxin-like compounds partition exclusively into the sewage sludge, as they are 
highly lipophilic, with log KOW values ranging between  4.26 to 8.20 (Mackay et al., 
1992).  
3.2.1 Historical Levels of Dioxin-like Compounds in Sewage Sludge 
PCDD/Fs levels in sewage sludge were first reported in 1984.  Lamparski et al. 
analysed two contemporary (1981, 1982) and one archived sample (1933).  Somewhat 
surprisingly, Lamparski et al. reported similar levels of PCDD/Fs in the modern and 
archived samples, all containing approximately 60 000 OCDD ng kg-1 dw (Lamparski 
et al., 1984).  There was an increase in the concentration of 2,3,7,8-TCDD from 2.2 in 
1933 to 16 ng kg-1 dw in 1982.  In 1985 Weerasinghe et al. reported PCDD/F levels in 
two New York State sewage sludge samples: one urban and one rural.  They found 
that the urban sludge contained five to ten times more PCDD congeners than the rural 
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sludge and was similar in concentration to that reported by Lamparski et al. i.e. 60 
000 OCDD ng kg-1 dw and 7 600 OCDD ng kg-1 dw respectively. 
Hagenmaier et al. (1986) was the first author to publish the results of contaminated 
sludges reporting concentrations of 60 to 370 2,3,7,8-TCDD ng kg-1 dw and up to 
200,000 OCDD ng kg-1 dw (Hagenmaier et al., 1986).  They compared the PCDD/F 
congener patterns and isomers of 43 German sludges with those of stack emissions 
from waste incinerators and pentachlorophenyl (PCP) use, finding that the main 
source of PCDD/F contamination in the sludges they examined was from industrial 
use of either PCP and/or sodium-pentachlorophenate (Hagenmaier et al., 1986). 
In 1989 Rappe et al. monitored the concentration of PCDD/Fs through a WWTP in a 
highly industrialized area and another in a rural area, finding similar levels and 
congener profiles in both (Rappe et al., 1989).    In 1988 and 1989, the US EPA 
conducted the “National Sewage Sludge Survey” of 181 publicly owned WWTPs in 
the United States of America (USA).  While the raw data is available, as yet there has 
been no report with a discussion of results completed by the US EPA.  However, in 
1990 Telliard et al. reported selected data from this survey.  The data were presented 
on a wet weight basis without TEQ values, resulting in the data being unsuitable for 
comparison with other work (Telliard et al., 1990).  Nevertheless, they used statistical 
methods to find a positive association with PCDD/F levels and organic matter (or 
suspended solids), which supports the theory that dioxin-like compounds will 
partition almost exclusively to the organic matter in sludge in preference to water. 
In 1994 Rappe et al. continued work investigating PCDD/F levels in sewage sludge 
reporting the concentration of PCDD/Fs in thirty sewage sludge samples from 
Switzerland.  The concentration ranged from 6 to 4100 I-TEQ ng kg-1 dw (Rappe et 
al., 1994) and this is the most serious incidence of sewage sludge contamination to 
this point in time with the four highest contaminated samples containing 1100, 1900, 
4100 and 1700 I-TEQ ng kg-1 dw.  Rappe et al. followed up this work in 1997 and re-
analyzed samples from the same WWTPs finding that in “eight out of ten samples the 
PCDD/Fs concentration shows a more or less pronounced decrease” (Rappe et al., 
1997). 
Sewart et al. (1995) reported the concentration of twelve digested U.K sludges 
finding minimal contamination: 2,3,7,8-TCDD 1 - 3.8 ng kg-1, 650 - 63000 OCDD ng 
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kg
-1
 dw, 19 - 206 I-TEQ ng kg
-1
 dw.  The work went further analysing archived 
samples from the years 1940 to 1960.  The results show a clear increase in PCDD/F 
levels in sludge peaking in the mid-1950s before beginning to decrease as shown in 
Table 3-4 and Figure 3-2.  The change in TEQ systems has altered the apparent 
PCDD/F burden of sludge as the major congener OCDD had its TEQ contribution 
reduced by a factor of ten with the update of the I-TEQ system to WHO98 TEQ i.e. 
170000 OCDD ng kg
-1
 dw is equivalent to 170 I-TEQ ng kg
-1
 dw and 17 WHO98 TEQ 
ng kg
-1
 dw.  Selected congener concentrations have been reproduced here that are 
comparable regardless of TEQ system used. 
Table 3-4 PCDD/F concentrations in archived sewage sludge from the Isleworth S.T.W., West London ng kg
-1
 dw 
 1942 1944 1949 1953 1956 1958 1960 1992 
Average 
2,3,7,8-TCDD 1.3 2.5 2.9 3.0 4.0 3.6 2.5 2.1 
OCDD 1,000 1,500 9,800 45,000 170,000 85,000 73,000 16,134 
OCDF 89 200 540 940 1,200 1,600 1,100 599 
Figure 3-2 Change in concentration of octachlorinated dibenzo-p-dioxin (OCDD) in archived samples reported by 
(Sewart et al., 1995) 
 
Following on from their earlier work and the US EPA’s earlier National Survey of 
American Sewage Sludge, Rappe et al. (1998) reported that the dioxin-like 
compounds in American and Swedish sludge samples had, in general, decreased by 
35-50% except at sites that had “historical contamination” (Rappe et al., 1998).  This 
finding was supported by the work of Alvarado et al. (2001) who reported that dioxin-
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like compounds levels in American sludge had decreased from an average of 60.5 ng 
WHO98 TEQ kg-1 dw in 1994 to 41.1 ng WHO98 TEQ kg-1 dw in 2001 (approximately 
32%) since measurements were first conducted in the 1980s.  
In 1998, Rappe et al. found the concentration of dioxin-like compounds in two 
sludges from the USA to constitute serious contamination: I-TEQ of 1270 to 1240 ng 
kg-1 dw.  Once again the contribution of OCDD may elevate the reported to TEQ 
when using the I-TEQ; 480,000 OCDD ng kg-1 dw has an I-TEQ of 480 ng kg-1 dw 
and 48 ng WHO98 TEQ kg-1 dw (Rappe et al., 1998).  The latest work to be published 
on the levels of dioxin-like compounds in sludge is by Dai et al. from China.  The 
concentration of dioxin-like compounds reported was extremely low; 2,3,7,8-TCDD 
<d.l. (n=5) – 7.61 ng kg-1 dw, OCDD 34.90 – 828.78 ng kg-1 dw (Dai et al., 2007). 
In summary, the concentration of dioxin-like compounds in sewage sludge has 
declined since measurements and monitoring programs begun.  There have been 
incidents of seriously contaminated sludges reported in Germany and USA.  
However, these high levels of contamination are not common and have been 
associated with a known source (See 3.2.2 Sources of dioxin-like compounds in 
sewage sludge). There does appear to be a difference in dioxin levels, particularly the 
higher congeners OCDD and HpCDD, with respect to the source of sewage sludge 
when comparing rural (~1,000-10,000 OCDD ng kg-1 dw) and urban (60,000 ng kg-1 
dw) sources.  The change in the reporting system can also have a significant impact 
on the ability to compare results over time. 
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Table 3-5 Concentration of 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD), octachlorodibenzo-p-dioxin (OCDD) and toxicity equivalence (I-TEQ or WHO98 TEQ) in 
international sewage sludge as reported in scientific literature relating to dioxin-like compounds in sewage sludge 
Nation Author Year 2,3,7,8-TCDD ng kg-1 OCDD ng kg-1 TEQ (I-TEQ or WHO98 TEQ) ng kg-1 
America Lamparski et al. 1984 1933 – 2.2 
1981 – 11 
1982 – 16 
1933 – 59000 
1981 – 50,000 
1982 – 60,000 
 
America Weerasinghe et al.1985  60,000  7,600  
Germany Hagenmaier et al. 1986  18,200  19,400  3,700  5,600  51,000  7,700  5,000  
2,500  4,000  3,700  17,900  28,000  12,200  17,800  
6,900 
 
Sweden Rappe et al. 1989 0.72  <0.48 9,100  7,400  
Sweden Broman et al. 1990 1.5  2.2  1.7  1.3 328,644  16,354.4  30,765.7  12,829.2  
Canada Ho et al. 1990  0.6 to 309  n=99  
Sweden Naf et al. 1990 1 750  
Germany Hagenmaier et al. 1992   I-TEQ  mean: 0.047  n = 13 
Switzerland Rappe et al. 1994  5,700  4,300  5,000  1,400  17,000  24,000  22,000   
26,000  4,900  9,800  14,000  5,400  5,700  19,000  
8,600  11,000  67,000  19,000  3,300  15,000  4,300  
630  3,800  8,500  24,000  20,000  51,000  360  
20,000  27,000 
I-TEQ 21  15  25  9  46  71  130  1100  17  43  
57  79  53  1900  30  35  4100  230  190  55  11  
8  14  53  120  57  150  6  390  1700 
United Kingdom Sewart et al. 1995 1.9  3.8  1.4  2.9  1.0  2.1  1.0 
2.9 
11,000  23,200  650  63,000  6,500  15,400  7,500  
1,820 
I-TEQ 29  29  23  0.7  9.9  29  15  0.4 
Switzerland Rappe et al.  1997 <1.5  <0.12  1.7  0.65  1.2  0.31  34  
54  77  75  0.34  23  6.2  0.86  25  
2.2  5.8  0.91  0.92  1.3  0.27  <4.2  
0.75 
4,300  1,400  5,700  1,800  22,000  870  26,000  
27,000  5,400  19,000  650  67,000  20,000  890  
19,000  360  410  3,800  1,500  24,000  1,400  
51,000  2,200 
I-TEQ 15  9.7  21  8.4  130  10  1200 1700 2200  
1900  16  1400  390  22  230  6.2  120  14  6.1  
120  14  6.1  120  15  150  23 
America Rappe et al.  1998 2.1  <0.06  2.0  0.84  1.9  0.17  2.0  
<0.58  5.3  4.1  1.6  0.30  <0.13  
0.17  <0.051  0.076  1.0  <0.35 
7,400  7,400  4,300  1,800  7,700  2,700  9,300  
6,800  480,000  420,000  3,500  3,300  1,400  1,900  
560  2,600  4,400  27,000 
I-TEQ 23.7  27.6  26.4  13.7  30.9  4.83  36.7  
37.7  1270  1240  31.7  7.40  2.67  6.18  2.26  
3.35  33  70.4 
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Table 3-5 Concentration of 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD), octachlorodibenzo-p-dioxin (OCDD) and toxicity equivalence (I-TEQ or WHO98 TEQ) in 
international sewage sludge as reported in scientific literature relating to dioxin-like compounds in sewage sludge 
Nation Author Year 2,3,7,8-TCDD ng kg-1 OCDD ng kg-1 TEQ (I-TEQ or WHO98 TEQ) ng kg-1 
Spain Eljarrat et al.  1999 1.5  0.8  0.4  ND  ND  1.0  4.6  1.5  
ND  0.5  1.9  1.1  0.6  0.6  ND  1.0  
3.8  0.5  8.7 
5,700  2,000  4,600  2,500  5,100  7,800  6,000  
15,000  9,600  1,100  1,600  2,000  1,000  19,000  
4,700  3,800  3,9500  4,900  1,800 
I-TEQ 23  23  24  6.9  43  58  70  150  86  7.8  
13  14  51  130  18  46  160  14  110 
United Kingdom Stevens et al.  2001 1.1  5.6  1.6  2.6  3.3  0.8  1.6  0.8  
0.7  1.0  2.1  1.2  1.0  1.1 
4,460  51,500  2,990  3,120  31,400  4,150  9,990  
6,280  13,500  2,320  2,900  3,020  4,800  2,610 
I-TEQ 53.4  225  49.2  23.0  153  19.9  40.5  
30.2  45.1  40.3  29.2  24.7  152  19.9 
Canada Bright et al.  2003 range: 0.3 to 3.9 mean: 1.1  n = 26 
f = 100% 
range: 730 to 16,000  mean: 4,500 
n = 26  f = 100% 
range: I-TEQ 5.5 to 250  mean: 40 
n = 26 f = 100% 
Spain Eljarrat et al.  2003 nd  0.12  0.23  0.15  0.32  0.35  
0.39  0.20 
852  527  785  609  943  647  556  1603 WHO98 TEQ 20.8  5.43  7.18  4.90  6.92  8.06  
7.18  14.1 
China Dai et al.  2007 7.61  <0.17  <0.18  <0.10   <0.14  
<0.08 
503.76  106.41  210.59  316.36  262.55  34.90 I-TEQ 88.24  3.47  4.13  32.80  5.30  7.07 
Spain Fuentes et al. 2007 0.5  0.4  0.3  0.1  1.2  0.7  0.6  0.6  
0.5  0.5  0.4  0.2  0.2  0.3  0.4  3.0  
0.8  0.62  1.3  0.6  1.4  1.9  1.3  1.5  
1.0  1.0  0.4  0.5  1.3  0.2  0.1 
2220.8  1796.1  852.2  830.8  1172.3  1677.7  
1666.1  773.5  827.9  1875.4  774.8  1396.5  1470.6  
816.3  976.2  866.3  820.0  2285.5  705.3  550.7  
204.3  167.7  4470.6  3047.5  4074.9  7279.1  
27306.8  1991.3  1679.9  2262.0  1469.2 
I-TEQ 11.9  9.6  6.8  6.8  12.3  12.3  9.3  4.8  
6.3  7.6  5.1  5.6  6.3  5.9  7.1  12.9  8.8  10.1  
9.3  8.2  5.1  5.1  17.1  19.5  23.6  23  48.8  28.7  
35.6  43.6  346 
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3.2.2  Sources 
The main sources of dioxin-like compounds can be grouped under the headings 
industrial effluents; surface run-off (including atmospheric deposition); household 
wastewater; and formation within treatment works.  An effective strategy for 
identifying potential sources of dioxin-like compounds in sewage sludge and the 
environment is through congener profiling which compares the ratio of individual 
PCDD/F congeners in environmental samples with known sources.  The most 
common assumption is that dioxin-like compounds are produced as a by-product of 
chlorinated chemical production and combustion processes.  At this point in time the 
sources of dioxin-like compounds in sewage sludges are not completely understood, 
although a wide range of sources have been identified that can explain the bulk of 
dioxin-like compounds found in sewage sludge, but not all.  
The Lamparski et al. (1984) finding that two modern sludges (1981, 1982) and an 
archived sludge (1933) contained similar concentration of OCDD (60,000 ng kg-1 dw) 
is surprising given that the production of chlorinated chemicals such as PCP and 
PCBs was still in its infancy in the 1930s; therefore the dioxin-like compounds in the 
1933 samples must have had another source.  Not only is this the first paper in this 
area but is still extremely relevant as it highlights the contradiction between the 
established theory of contamination which argues that dioxin-like compounds arise as 
by-products of chlorinated chemical production and demonstrates that work in this 
area has not been completed. Lamparski et al. hypothesized that PCDD/Fs may be 
formed in-situ as by-products of chlorination of wastewater (Lamparski et al., 1984).  
This theory of in-situ formation of PCDD/Fs has not received much support in terms 
of further experimental work by other researchers.  In fact, only one paper has dealt 
with dioxin-like compounds forming as a result of chlorination.  Rivera et al. 
investigated dioxin-like compound formation resulting from the chlorination of 
potable water in a working WWTP and a pilot WWTP, with and without pre-
chlorination respectively.  They found that “the results obtained did not reveal a 
marked influence of chlorination in the formation of PCDFs/PCDDs”.  Interestingly, 
the concentration of higher chlorinated PCDDs (HpCDD and OCDD) increased 
significantly without chlorination in the pilot WWTP. 
Weerasinghe et al. (1985) found that an urban sludge contained five to ten times more 
PCDD/F congeners than rural sludge (60 000 OCDD ng kg-1 dw; urban, 7 600 OCDD 
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ng kg-1 dw rural).   There is no mention of the wastewater treatment process but this 
may have contributed to the observed difference (e.g. chlorination of wastewater); 
however Weerasinghe et al. (1985) associated these increased PCDD/F levels with 
pentachlorophenol (PCP) use in wood treatment/preservation in the urban area.  
Tiernan et al. (1997) also found that the urban sludges contained significantly higher 
concentrations of dioxin-like compounds than rural samples (70-98 % less, n =31).  
Similarly, Rappe et al. (1994) published the results of thirty sludge samples finding 
that “in general the concentrations were found to be higher in the urban areas” and 
that “the highest inputs could be correlated to local industrial sources”.  Attention was 
focused on the PCDD/F levels of relatively “uncontaminated” sludges.  Based on 
limited evidence, it was asserted that the PCDD/Fs “found in background samples of 
sewage sludge are best explained by direct contamination by pentachlorophenol and 
by secondary biological reactions in the sewer system” i.e. the formation of dioxin-
like compounds from chlorinated benzenes such as PCP (Rappe et al., 1994).  Rappe 
et al. does not discuss the hypothesis originally proposed by Lamparski et al. (1984), 
that dioxin-like compounds are formed in-situ as a result of chlorination or some other 
mechanism.  The de novo formation of dioxin-like compounds in-vitro was reported 
by Oberg et al. (1992) finding the biochemical transformation of eight different 
chlorophenyl compounds into OCDD (Oberg & Rappe, 1992).  While it was 
recognized early in this research area that PCP use in both wood preservation and 
textiles was a significant source of contamination, this work identified PCP as not 
only a primary source of contamination, but also as a secondary source (Oberg & 
Rappe, 1992).  
In 1986, Hagenmaier et al. (1986) compared the PCDD/F congener patterns and 
isomers of 43 German sludges with those of stack emissions from waste incinerators 
and pentachlorophenol use (PCP), finding that the main source of PCDD/F 
contamination in the sludges they examined was from industrial use of PCP and 
sodium-pentachlorophenate (Hagenmaier et al., 1986).     
Since humans are constantly exposed to dioxin-like compounds through their diet, it 
is possible that humans excrete small amounts of dioxin-like compounds through 
faeces. However, two studies (Wendling et al., 1990; Rappe & Andersson, 1992) 
indicate that the levels of dioxin-like compounds found in human faeces are 
extremely low (i.e. approximately 3.9 ng I-TEQ kg-1 dw) and therefore not likely to 
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constitute a major input source of dioxin-like compounds in sludge.  However, the 
congener profile of human faeces was similar to that of “uncontaminated” sludge, 
with the main congener present being OCDD and almost all the 2,3,7,8- substituted 
congeners being present (Rappe & Andersson, 1992).  Rappe et al. reported a good 
correlation between the individual congeners found in these samples and in other 
samples, such as human fat.  They argued that the known sources of dioxin-like 
compounds excreted by the human body cannot alone account for the dioxin levels 
found in sludge (Rappe & Andersson, 1992).   
In 1992, Horstmann et al. published the first of a series of studies that attempts to 
identify the source of dioxin-like compounds in sewage sludge.  The first experiment 
involved measuring urban particulates including street runoff and atmospheric 
deposition.  It was found that while urban runoff may contribute to dioxin-like 
compounds in sludge, it could not explain the bulk of dioxin-like compounds.  In 
1993, Horstmann et al. first reported that household wastewater had been 
underestimated as a dioxin-like compound source when compared to urban surface 
water run-off.  They reported that the congener pattern in laundry wastewater was 
virtually identical to the pattern observed in sewage sludge (Horstmann et al., 1993).  
Horstmann et al. also attempted to estimate the contribution of surface runoff to the 
PCDD/F flux.  PCDD/F concentrations were measured in primary sludge during 
periods of dry weather and directly after rain events, but no significant difference was 
found (Horstmann et al., 1993).  They went further and provided evidence that 
household waste-water contributed the majority (two to seven times) of the dioxin-
like compounds found in sewage sludge compared to other sources, concluded that 
grey water from the washing of contaminated clothing (i.e. PCP use in textiles) and 
subsequent contamination of human skin accounted for the majority of dioxin-like 
compounds found in German sludges (Horstmann & McLachlan, 1995). 
Research published in 1997 by Rivera et al. reported the concentration of dioxin-like 
compounds in sludge produced from a potable water treatment plant to be similar to 
those of sewage sludge (2,3,7,8-TCDD 3.7 ng kg-1 dw, OCDD 2447.0 ng kg-1 dw) 
(Rivera et al., 1997).  The congener profiles of the potable water membrane sludges 
compares well with sewage sludge and suggests a “common source of origin” (Rivera 
et al., 1997).  One hypothesis it that organic material plays a role in the formation of 
dioxin-like compounds, because if dioxin-like compounds were removed from the 
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potable water then one wouldn’t expect them in wastewater treatment plant sludge or 
in the same proportions.  However, studies have found that certain dioxin-like 
compounds can be formed through the WWTP process.  Klimm et al. found a two-
fold increase of OCDD and HpCDD from semi-anaerobic digestion over 192 days 
(Klimm et al., 1998).  They also reported that no other PCDD/Fs were formed and 
that the formation of HpCDD and OCDD did not occur under strictly aerobic or 
anaerobic conditions. 
In 2001, Stevens reported for UK sewage sludges that “the homologue group pattern 
of the PCDD/Fs is dominated by the HpCDD and OCDD and is consistent with that 
found in most sewage sludges” and that “there appears to be no correlation between 
the degree of industrial input and the PCDD/F concentration” (Stevens et al., 2001). 
To summarize the conclusions of the above studies it appears that PCDD/F levels in 
highly contaminated sewage sludge are associated with industrial wastewater and 
chlorinated chemical production, in particular, with the industrial use of PCP and 
sodium-pentachlorophenate. There is a difference in the concentration of dioxin-like 
compounds between urban and rural samples with no adequate explanation, apart 
from speculation about industrial inputs.  Horstmann et al. (1993) identified that 
household wastewater was a significant contributor to dioxin-like compounds in 
sludge.  This is attributed to the use of PCP within the textiles industry, which is 
based on the finding that clothing contaminated with dioxin-like compounds can 
account for the majority of dioxin-like compounds observed in sludge compared to 
other sources.  To date there has been no adequate explanation of the low burden of 
dioxin-like compounds found in sewage sludge.  There is limited evidence that 
dioxin-like compounds may be formed in situ or some other unidentified pathway. 
3.3 RESULTS AND DISCUSSION 
3.3.1 Reproducibility of Analysis 
One sewage sludge sample (R1) collected as part of the ‘Australian Sewage Sludge 
Survey 2006’ was analyzed in triplicate in order to determine the homogeneity of the 
sample, the reproducibility of the sampling technique as well as the analytical 
methodology. The precision of the measurements was generally high with low 
relative standard deviations (% RSD) for all dioxin-like compounds with percentage 
relative standard deviation (%RSD) ranging between 4 and 35%.  The %RSD was 
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typically lower than the reported 20% variation expected from this analytical 
procedure.  The variation reported in the homologue concentrations is far greater and 
ranges between 1 to 94% RSD.  The notable homologues that exhibit large %RSD are 
ΣTCDF, ΣPeCDD, ΣPeCDF and ΣHeCDF.  The RSD will be effected by the 
magnitude of the mean and will also depend upon the limit of detection.  For example 
the standard deviation of ΣpentaCDD (16) and OCDF (15) are similar, but the 
magnitude of the mean affects the RSD; 45% and 10 % RSD respectively. The RSD 
of the ΣPCDD/Fs is extremely low indicating that the analytical process is precise and 
that this may be a good candidate for further statistical analysis. 
Table 3-6 Concentration of dioxin-like compounds of sample R1 extracted in triplicate. 
 1 2 3 mean sd % RSD 
2,3,7,8-TCDF 3.9 4 3.2 3.7 0.4 12 
2,3,7,8-TCDD 0.72 1.2 <1 1.0 0.3 35 
1,2,3,7,8-PeCDF 1.4 1.9 2.1 1.8 0.4 20 
2,3,4,7,8-PeCDF 2.1 1.9 2.8 2.3 0.5 21 
1,2,3,7,8-PeCDD 1.7 1.9 <2 1.8 0.1 8 
1,2,3,4,7,8-HxCDF 2.4 2.2 <3 2.3 0.1 6 
2,3,4,6,7,8-HxCDF 2.9 2.8 4.1 3.3 0.7 22 
1,2,3,6,7,8-HxCDF 4.1 3.5 3.5 3.7 0.3 9 
1,2,3,7,8,9-HxCDF 1.3 1.7 <2 1.5 0.3 19 
1,2,3,4,7,8-HxCDD 2.5 2.2 <3 2.4 0.2 9 
1,2,3,6,7,8-HxCDD 7.4 7.2 7.8 7.5 0.3 4 
1,2,3,7,8,9-HxCDD 5.2 5.6 6.4 5.7 0.6 11 
1,2,3,4,6,7,8-HpCDF 53 52 56 54 2 4 
1,2,3,4,7,8,9-HpCDF 1.6 2.2 2.1 2.0 0.3 16 
1,2,3,4,6,7,8-HpCDD 230 220 200 217 15 7 
OCDF 160 150 130 147 15 10 
OCDD 7820 7950 7500 7757 232 3 
Non-Ortho PCBs       
PCB 77 370 380 360 370 10 3 
PCB 81 13 14 14 14 1 4 
PCB 126 37 46 35 39 6 15 
PCB 169 <0.6 <1 <3    
Mono-Ortho PCBs       
PCB 105 2400 3030 2350 2593 379 15 
PCB 114 130 140 140 137 6 4 
PCB 118 5790 7050 4920 5920 1071 18 
PCB 123 120 110 93 108 14 13 
PCB 156 850 970 810 877 83 10 
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Table 3-6 Concentration of dioxin-like compounds of sample R1 extracted in triplicate. 
 1 2 3 mean sd % RSD 
PCB 157 240 290 220 250 36 14 
PCB 167 320 390 300 337 47 14 
PCB 189 45 52 47 48 4 8 
I-TEQ 16.5 17.0 14.2 15.9 1.5 9 
WHO98 TEQ 15.3 17.0 12.2 14.8 2.4 16 
WHO05 TEQ 15.3 16.8 12.1 14.7 2.4 17 
ΣTCDD 29 29 33 30 2 8 
ΣTCDF 70 62 150 94 49 52 
ΣPeCDD 31 22 53 35 16 45 
ΣPeCDF 45 39 190 91 86 94 
ΣHxCDD 86 87 85 86 1 1 
ΣHxCDF  46 38 72 52 18 34 
ΣHpCDD 530 550 500 527 25 5 
ΣHpCDF 98 92 110 100 9 9 
ΣPCDD/Fs 8920 9020 8820 8290 100 1 
 
3.3.2 Australian Sewage Sludge Survey 2006 
Sixteen Australian sewage sludges collected in 2006 were analysed for dioxin-like 
compounds and the raw data is presented within Table 3-7.  The results of individual 
dioxin-like congeners and homologue concentrations is reported, as well as the 
toxicity equivalence (TEQ), that has been calculated in all three major schemes (I-
TEQ, WHO98 TEQ and WHO05 TEQ) reported as the lower-bound concentration i.e. 
excludes limits of detection.  The TEQ contribution from the dioxin-like PCDD/Fs 
and the dioxin-like PCBs is also reported, again as lower-bound concentrations.  The 
aim of this data analysis is to ascertain if there are any difference in the congener 
profiles depending upon source of sludge and whether the data can be simplified and 
trends identified.  The summary statistics of this survey are presented within Table 
3-8. 
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Table 3-7 Raw data of dioxin-like compounds ng kg-1 dry weight in Australian sewage sludge surveyed in 2006 
 U1 U2 U3 U4 U5 U6 U7 U8 R1 R2 R3 R4 R5 R6 R7 R8 
2,3,7,8-TCDF 2.6 1.5 1.1 1.2 11 2.5 <0.6 2.5 3.9 2.1 0.83 1.3 <0.4 0.6 0.775 1.3 
2,3,7,8-TCDD 1.6 <.5 <.6 <0.5 <1 <1 <0.3 <0.7 0.72 <0.3 <0.4 <0.5 <0.4 <0.4 <0.3 <0.3 
1,2,3,7,8-PeCDF 0.75 0.43 <0.5 0.66 0.65 <1 <0.1 <0.9 1.4 <0.3 <0.3 <0.3 <0.1 <0.2 0.35 0.77 
2,3,4,7,8-PeCDF 0.8 <0.7 0.89 <0.4 2 <2 <0.3 <1 2.1 <0.4 <0.6 <0.4 <0.4 <0.7 >0.3 1.4 
1,2,3,7,8-PeCDD 0.91 <2 <0.6 1.2 1.2 <2 0.56 <2 1.7 <0.4 0.72 <0.6 <0.9 <1 1 <1 
1,2,3,4,7,8-HxCDF 2.9 1.1 1 0.84 1.4 <0.8 0.61 1.2 2.4 <0.3 <0.5 <0.6 <0.5 <0.6 0.83 <2 
2,3,4,6,7,8-HxCDF 2.1 1.9 1.3 1 2.9 <1 0.43 1.3 2.9 <0.4 0.82 0.82 0.6 0.67 0.97 1.6 
1,2,3,6,7,8-HxCDF 1.7 1.6 2 1.5 1.1 <2 <0.4 1.9 4.1 <0.3 1.5 1.5 <1 <1 0.62 2.2 
1,2,3,7,8,9-HxCDF <0.2 <0.3 <0.2 0.15 <0.1 <0.8 <0.3 <0.8 1.3 <.2 <0.2 <0.2 <0.4 <0.3 <0.08 <0.7 
1,2,3,4,7,8-HxCDD 1.2 <2 0.64 0.51 1.1 <0.8 <0.4 <1 2.5 0.22 0.72 <0.7 <0.4 0.5 0.63 <0.7 
1,2,3,6,7,8-HxCDD 4 2.3 2.6 3 6.4 2.5 3.7 3 7.4 1 3.3 2.1 <2 3.1 5 3.3 
1,2,3,7,8,9-HxCDD 1.7 1.3 1.3 2.7 3.5 <0.8 1.3 1.2 5.2 <0.5 1.1 <2 <0.6 <1 1.8 <2 
1,2,3,4,6,7,8-HpCDF 42 27 32 32 24 46 14 38 53 8.6 15 28 16 18 18 48 
1,2,3,4,7,8,9-HpCDF 1.6 1.2 0.99 0.97 1.8 <2 <0.2 <1 1.6 <0.3 0.46 0.76 <0.7 0.39 1.5 0.9 
1,2,3,4,6,7,8-HpCDD 150 61 68 75 130 57 63 75 230 30 26 59 50 67 150 95 
OCDF 400 76 68 96 79 160 22 130 160 34 23 77 19 36 84 170 
OCDD 20900 1290 690 1180 2560 540 500 705 7820 540 190 1940 420 640 1410 1990 
PCB 77 330 300 220 240 210 245 53 260 370 44 30 70 220 250 64 230 
PCB 81 13 11 19 9.5 8 11 2.1 8.3 13 1.7 1.4 3.3 11 12 3.1 8.9 
PCB 126 19 18 27 13 18 12 3.4 13 37 2.9 4.7 7.3 6.1 9.2 5 24 
PCB 169 <1 1.8 3 0.76 1.5 <1 <0.2 2 <0.6 <0.5 2.3 <1 <0.9 <0.8 0.48 2.6 
PCB 105 1650 1270 950 790 1210 630 250 710 2400 210 110 280 560 670 260 1920 
PCB 114 110 160 57 100 90 46 19 60.5 130 12 21 29 45 53 28 150 
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Table 3-7 Raw data of dioxin-like compounds ng kg-1 dry weight in Australian sewage sludge surveyed in 2006 
 U1 U2 U3 U4 U5 U6 U7 U8 R1 R2 R3 R4 R5 R6 R7 R8 
PCB 118 4480 3250 2840 2150 3010 1650 660 1780 5790 540 410 730 1390 1640 700 4850 
PCB 123 81 56 42 41 70 29 8 28.5 120 8.6 6.3 2 29 32 12 77 
PCB 156 900 400 340 210 360 210 87 225 850 88 100 130 98 140 84 860 
PCB 157 150 90 80 52 85 47 17 50 240 23 22 27 23 33 19 200 
PCB 167 280 130 120 75 130 68 28 80 320 26 30 37 31 51 31 260 
PCB 189 100 29 20 14 20 16 <4 <30 45 5.4 8.2 10 9.6 13 6.6 49 
WHO98 TEQPCDD/Fs 8.6 2.0 2.5 3.5 6.8 1.6 2.0 2.3 10.2 0.8 2.0 1.7 0.8 1.4 3.9 3.2 
WHO05 TEQPCDD/Fs 12.7 2.3 2.5 3.8 6.9 1.7 2.1 2.5 11.3 0.9 2.0 2.1 0.9 1.5 4.2 3.4 
WHO98 TEQPCBs 3.1 2.6 3.4 1.8 2.5 1.6 0.5 1.8 5.2 0.4 0.6 0.9 0.9 1.3 0.7 3.7 
WHO05 TEQPCBs 2.2 2.0 3.0 1.5 2.0 1.3 0.4 1.5 4.0 0.3 0.6 0.8 0.7 1.0 0.6 2.8 
I-TEQ 27.3 3.2 3.2 4.1 8.6 2.2 2.2 3.1 16.5 1.3 1.8 3.5 1.2 2.0 4.8 5.2 
WHO98 TEQ 11.8 4.7 5.9 5.3 9.3 3.2 2.5 4.1 15.3 1.2 2.6 2.6 1.7 2.7 4.6 7.0 
WHO05 TEQ 14.9 4.3 5.4 5.2 8.9 3.0 2.5 4.0 15.3 1.2 2.6 2.8 1.6 2.6 4.8 6.1 
ΣTCDD 18 39.5 41 16 7.9 <6 97 15 29 9.7 58 16 10 10 7.8 10 
ΣTCDF 42 32 87 39 110 21 31 21 70 7.7 37 9.7 3.2 13 16 5.8 
ΣPeCDD 19 13 21 15 14 5 16 11 31 13 26 12 42 81 6.1 140 
ΣPeCDF 66 17 43 41 260 9 27 11 45 4.6 34 7 5.4 8 14 7.3 
ΣHxCDD 35 22 28 28 60 18 37 23 86 9.3 23 13 14 23 38 21 
ΣHxCDF  45 15 21 20 66 16 24 18 46 4.6 23 29 8.5 11 16 6.2 
ΣHpCDD 280 120 30 160 260 100 200 130 530 56 50 130 87 120 270 110 
ΣHpCDF 78 41 53 56 69 62 49 55 98 8.6 16 29 16 19 58 14 
ΣPCDD/Fs 21900 1640 1180 1650 3490 935 2640 1115 8920 690 480 2260 630 960 1920 840 
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Table 3-8 Summary statistics of dioxin-like compounds in Australian biosolids survey 2006 
Variable N ND Mean SD Min Median Max 
2,3,7,8-TCDF 14 2 2.40 2.7 0.60 1.4 11 
2,3,7,8-TCDD 2 14 1.2 0.6 0.72 1.2 1.6 
1,2,3,7,8-PeCDF 7 9 0.72 0.34 0.35 0.66 1.4 
2,3,4,7,8-PeCDF 5 11 1.40 0.6 0.80 1.4 2.1 
1,2,3,7,8-PeCDD 7 9 1.0 0.37 0.56 1.0 1.7 
1,2,3,4,7,8-HxCDF 9 7 1.4 0.77 0.61 1.1 2.9 
2,3,4,6,7,8-HxCDF 14 2 1.4 0.81 0.43 1.2 2.9 
1,2,3,6,7,8-HxCDF 11 5 1.8 0.88 0.62 1.6 4.1 
1,2,3,4,7,8-HxCDD 9 7 0.89 0.67 0.22 0.64 2.5 
1,2,3,6,7,8-HxCDD 15 1 3.5 1.6 1.0 3.1 7.4 
1,2,3,7,8,9-HxCDD 10 6 2.1 1.3 1.1 1.5 5.2 
1,2,3,4,6,7,8-HpCDF 16 0 29 14 8.6 28 53 
1,2,3,4,7,8,9-HpCDF 11 5 1.1 0.47 0.39 0.99 1.8 
1,2,3,4,6,7,8-HpCDD 16 0 87 53 26 68 230 
OCDF 16 0 100 94 19 78 400 
OCDD 16 0 2700 5200 190 940 20900 
PCB77 16 0 200 110 30 230 370 
PCB81 16 0 8.5 5.0 1.4 9.2 19 
PCB126 16 0 14 9.6 2.9 13 37 
PCB169 8 8 1.8 0.87 0.48 1.9 3 
PCB105 16 0 870 670 110 690 2400 
PCB114 16 0 69 48 12 55 160 
PCB118 16 0 2200 1700 410 1700 5790 
PCB123 16 0 40 33 2 31 120 
PCB156 16 0 320 290 84 210 900 
PCB157 16 0 72 68 17 49 240 
PCB167 16 0 110 97 26 72 320 
PCB189 14 2 25 26 5.4 15 100 
WHO98 TEQPCDD/Fs 16 0 1.9 1.4 0.4 1.7 5.2 
WHO05 TEQPCDD/Fs 16 0 1.5 1.1 0.3 1.4 4.0 
WHO98 TEQPCBs 16 0 3.3 2.8 0.8 2.2 10 
WHO05 TEQPCBs 16 0 3.8 3.5 0.9 2.4 13 
I-TEQ 16 0 5.6 6.9 1.2 3.2 27 
WHO98 TEQ 16 0 5.3 3.9 1.2 4.4 15.3 
WHO05 TEQ 16 0 5.3 4.3 1.2 4.2 15.3 
ΣTCDD 15 1 26 25 7.8 16 97 
ΣTCDF 16 0 34 31 3.2 26 110 
ΣPeCDD 16 0 29 35 5 16 140 
ΣPeCDF 16 0 38 62 4.6 16 260 
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Table 3-8 Summary statistics of dioxin-like compounds in Australian biosolids survey 2006 
Variable N ND Mean SD Min Median Max 
ΣHxCDD 16 0 30 19 9.3 23 86 
ΣHxCDF  16 0 23 16 4.6 19 66 
ΣHpCDD 16 0 170 120 30 130 530 
ΣHpCDF 16 0 45 26 8.6 51 98 
ΣPCDD/Fs 16 0 3200 5400 480 1410 21900 
 
The lower bound mean sludge concentration was 5.3, median of 4.2 and ranged 
between 1.2 and 15.3 ng WHO05 TEQ kg-1 dw (Table 3-8; Figure 3-3).  The majority 
of the TEQ contribution was from the PCDD/F fraction, with an average contribution 
of 3.8 ng WHO05 TEQ kg-1 dw, 72% of the total TEQ.  There was little variation in 
the apparent dioxin-like compounds concentrations using the three systems with the 
mean concentrations being 5.6, 5.3 and 5.3 ng kg-1 dw for I-TEQ, WHO98 TEQ and 
WHO05 TEQ respectively.  The maximum concentrations for both the WHO TEQ 
systems were the same with 15.3 ng kg-1 dw, but the I-TEQ was far higher with 27 ng 
I-TEQ kg-1 dw which is because of the higher OCDD concentrations found in the 
sample (20900 ng kg-1) compared to other samples and the reduction of the TEF for 
OCDD between TEQ systems. 
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Figure 3-3 Concentration of dioxin-like compounds (ng WHO05 TEQ kg-1 dw) detected in sixteen 
Australian sewage sludge sample 2006; International TEQ (I-TEQ), WHO98 TEQ and WHO05 TEQ; 
Boxplot presents median and interquartile range (Q3, Q1), whisker extends 1.5 the length of the box, * = 
outlier 
 
The most prevalent PCDD/F was OCDD (mean 2707 ng kg-1 dw) with concentrations 
three orders of magnitude greater than many of the other dioxin-like PCDD/Fs.  Even 
when compared to total PCDD/Fs, OCDD was the dominant homologue comprising 
84% of the ΣPCDD/F, while HpCDD, the next most prevalent homologue, only 
comprised 5%.  OCDF and 1,2,3,4,6,7,8-HpCDD are the next most prevalent 
congeners, though at an order of magnitude less than OCDD with mean 
concentrations of 102 and 87 ng kg-1 dw respectively.  Many other dioxin-like 
PCDD/Fs were not regularly detected.  2,3,7,8-TCDD, 1,2,3,7,8-PeCDF, 2,3,4,7,8-
PeCDF, 1,2,3,7,8-PeCDD were detected in less than half the sample set.  This result is 
positive as the most toxic congeners 2,3,7,8-TCDD and 1,2,3,7,8-PeCDD with TEFs 
of 1 are not commonly detected, demonstrating the low contamination of Australian 
sewage sludges with dioxin-like compounds.  Of the remaining congeners, only four 
were detected in all samples (1,2,3,4,6,7,8-HpCDF, 1,2,3,4,6,7,8-HpCDD, OCDF and 
OCDD) and the remaining eight were not (Table 3-8).  The dioxin-like PCBs were 
more commonly present in samples above the detection limit and at greater 
concentration than the dioxin-like PCDD/Fs.  The dominant dioxin-like PCB was 118 
with a mean concentration of 2240 ng kg-1 dw.  However, despite being present at 
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similar levels of OCDD the contribution of PCB118 in terms of WHO05 TEQ is less 
than 0.1 ng kg-1 dw once it is multiplied by its TEF of 0.00003.  Only PCB169 was 
infrequently detected and will not be included for further statistical analysis. 
The concentrations of dioxin-like compounds are generally lower than those reported 
in similar to studies conducted in other countries (Figure 3-4) and the congener profile 
was similar to that reported in the scientific literature.  All samples are below 
proposed international and domestic guidelines, and the background levels of dioxin-
like compounds in the Australian environment as discussed in the DEH’s “National 
Dioxin Program” (Muller et al., 2004).  In fact, the majority of samples had dioxin-
like compounds within the range of soil levels in Australia (Figure 3-3); 0.05-23 
WHO98 TEQ ng kg-1 dw middle-bound concentration (Muller et al., 2004).  The soil 
samples also had a similar congener profile to that of sludges, which are dominated by 
OCDD (Muller et al., 2004).  A comparison between the concentrations of OCDD (ng 
kg-1 dw) determined in this study are compared with literature values and is presented 
in Figure 3-4. This diagram shows that some of the highest incidents of contamination 
has occurred in the USA and that the burden of Australian sludge with OCDD is low 
by international standards. 
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Figure 3-4 Comparison of OCDD concentration (ng kg
-1
 dw) of sewage sludge in this survey compared to international studies; error bars represent maximum and 
minimum concentrations reported 
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A common difference in the burden of dioxin-like compounds in sewage sludge 
identified in the scientific literature is rural and urban sources.  Therefore the samples 
have been categorised based upon population into two categories in order to examine 
for further differences; urban pop. > 1,000,000 and rural pop. < 300,000, and the 
summary statistics of these categories is provided in Table 3-9. 
 
Figure 3-5 Concentration of dioxin-like compounds (ng WHO05 TEQ kg-1 dw) detected in sixteen 
Australian sewage sludge sample 2006; U – urban (pop. > 1,000,000), R – rural (pop. < 300,000) 
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Table 3-9 Summary statistics of dioxin-like compounds concentration (ng kg-1 dw) in Australian sewage sludge survey 2006 categorised according to population category (urban > 
1,000,000 and rural < 300,000) 
 Urban Rural 
Variable N ND Mean SD Min Median Max N ND Mean SD Min Median Max 
2,3,7,8-TCDF 7 1 3.2 3.5 1.1 2.5 11 7 1 1.54 1.15 0.6 1.3 3.9 
1,2,3,7,8-PeCDF 4 4 0.62 0.14 0.43 0.66 0.8 3 5 0.84 0.53 0.35 0.8 1.4 
2,3,4,7,8-PeCDF 3 5 1.23 0.67 0.8 0.89 2 2 6 1.75 0.5 1.4 1.8 2.1 
1,2,3,7,8-PeCDD 4 4 0.97 0.3 0.56 1.05 1.2 3 5 1.14 0.51 0.72 1 1.7 
1,2,3,4,7,8-HxCDF 7 1 1.29 0.75 0.61 1.1 2.9 2 6 1.62 1.11 0.83 1.6 2.4 
2,3,4,6,7,8-HxCDF 7 1 1.56 0.81 0.43 1.3 2.9 7 1 1.2 0.82 0.6 0.8 2.9 
1,2,3,6,7,8-HxCDF 6 2 1.63 0.32 1.1 1.65 2 5 3 1.98 1.31 0.62 1.5 4.1 
1,2,3,4,7,8-HxCDD 4 4 0.86 0.34 0.51 0.87 1.2 5 3 0.91 0.91 0.22 0.6 2.5 
1,2,3,6,7,8-HxCDD 8 0 3.44 1.33 2.3 3 6.4 7 1 3.6 2.08 1 3.3 7.4 
1,2,3,7,8,9-HxCDD 7 1 1.86 0.89 1.2 1.3 3.5 3 5 2.7 2.19 1.1 1.8 5.2 
1,2,3,4,6,7,8-HpCDF 8 0 31.87 10.32 14 32 46 8 0 25.58 16.33 8.6 18 53 
1,2,3,4,7,8,9-HpCDF 5 3 1.31 0.37 0.97 1.2 1.8 6 2 0.94 0.51 0.39 0.8 1.6 
1,2,3,4,6,7,8-HpCDD 8 0 84.9 35 57 71.5 150 8 0 88.4 69.7 26 63 230 
OCDF 8 0 128.9 117.1 22 87.5 400 8 0 75.4 60.2 19 56.5 170 
OCDD 8 0 3546 7044 500 943 20900 8 0 1869 2503 190 1025 7820 
PCB77 8 0 232.3 82.7 53 242.5 330 8 0 159.8 124.4 30 145 370 
PCB81 8 0 10.24 4.8 2.1 10.25 19 8 0 6.8 4.91 1.4 6.1 13 
PCB126 8 0 15.42 6.85 3.4 15.5 27 8 0 12.02 12.06 2.9 6.7 37 
PCB169 5 3 1.81 0.81 0.76 1.8 3 3 5 1.79 1.15 0.48 2.3 2.6 
PCB105 8 0 933 436 250 870 1650 8 0 801 868 110 420 2400 
PCB114 8 0 80.3 44.1 19 75.3 160 8 0 58.5 52.2 12 37 150 
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Table 3-9 Summary statistics of dioxin-like compounds concentration (ng kg-1 dw) in Australian sewage sludge survey 2006 categorised according to population category (urban > 
1,000,000 and rural < 300,000) 
 Urban Rural 
Variable N ND Mean SD Min Median Max N ND Mean SD Min Median Max 
PCB118 8 0 2478 1171 660 2495 4480 8 0 2006 2103 410 1060 5790 
PCB123 8 0 44.44 23.79 8 41.5 81 8 0 35.9 41.7 2 20.5 120 
PCB156 8 0 341.5 247.4 87 282.5 900 8 0 294 347 84 115 860 
PCB157 8 0 71.4 39.9 17 66 150 8 0 73.4 91.2 19 25 240 
PCB167 8 0 113.9 75.9 28 100 280 8 0 98.3 119.7 26 34 320 
PCB189 6 2 33.2 33.1 14 20 100 8 0 18.35 17.86 5.4 9.8 49 
WHO98 TEQPCDD/Fs 8 0 3.7 2.6 1.6 2.4 8.6 8 0 3.0 3.1 0.8 1.9 10.2 
WHO05 TEQPCDD/Fs 8 0 4.3 3.8 1.7 2.5 12.7 8 0 3.3 3.4 0.9 2.1 11.3 
WHO98 TEQPCBs 8 0 2.2 0.9 0.5 2.2 3.4 8 0 1.7 1.8 0.4 0.9 5.2 
WHO05 TEQPCBs 8 0 1.7 0.7 0.4 1.8 3 8 0 1.4 1.3 0.3 0.8 4 
I-TEQ 8 0 6.7 8.6 2.2 3.2 27.3 8 0 4.5 5.1 1.2 2.8 16.5 
WHO98 TEQ 8 0 5.9 3.2 2.5 5 11.8 8 0 4.7 4.7 1.2 2.7 15.3 
WHO05 TEQ 8 0 6.0 4.1 2.5 4.8 14.9 8 0 4.6 4.6 1.2 2.7 15.3 
ΣTCDD 7 1 34 31 8 18 97 8 0 19 17 8 10 58 
ΣTCDF 8 0 48 33 21 36 110 8 0 20 23 3 11 70 
ΣPeCDD 8 0 14 5.0 5 15 21 8 0 44 46 6 29 140 
ΣPeCDF 8 0 59 83 9 34 260 8 0 16 15 5 8 45 
ΣHxCDD 8 0 31 13 18 28 60 8 0 28 25 9 22 86 
ΣHxCDF  8 0 28 18 15 21 66 8 0 18 14 4 14 46 
ΣHpCDD 8 0 160 84 30 145 280 8 0 169 161 50 115 530 
ΣHpCDF 8 0 58 11.62 41 56 78 8 0 32 31 9 18 98 
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Table 3-9 Summary statistics of dioxin-like compounds concentration (ng kg-1 dw) in Australian sewage sludge survey 2006 categorised according to population category (urban > 
1,000,000 and rural < 300,000) 
 Urban Rural 
Variable N ND Mean SD Min Median Max N ND Mean SD Min Median Max 
ΣPCDD/Fs 8 0 4319 7156 935 1645 21900 8 0 2088 2834 480 900 8920 
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There was little difference of mean congener concentrations between urban and rural 
samples.  Generally speaking the mean concentrations of most congeners and 
homologues is higher in the urban category compared to the rural one.  The urban 
mean may be skewed due to higher concentrations of dioxin-like compounds from 
WWTP A, these higher concentrations of dioxin-like compounds appear to be more 
typical of urban sludge concentrations, based upon the scientific literature.  An 
analysis of variance (ANOVA) was performed upon the major features of this data 
set, WHO05 TEQ, ?PCDD/Fs, OCDD and PCB-118.  While the mean concentration 
was higher in the urban set (6.0, 4319, 3540, 2478 ng kg
-1
 dw respectively) compared 
to the rural set (4.6, 2088, 1869 and 2006 ng kg
-1
 dw respectively), none of these 
difference were statistically significant.  A comparison between the homologue 
composition between rural and urban sources also did not reveal any marked 
difference (Figure 3-6). 
 
Figure 3-6 Percentage contribution of PCDD/F homologues of the urban, rural and average sewage sludge samples 
collected as part of the dioxin-like compounds in Australian biosolids survey 2006.  
 
Principal component analysis was performed on (1) the dioxin-like PCDD/Fs, (2) the 
dioxin-like PCBs (Figure 3-7) and (3) all the dioxin-like compounds (Figure not 
shown).  For the dioxin-like PCDD/Fs the first three eigenvalues were 64.5%, 11.4% 
and 7.9% so the biplot (Figure 3-7) in the first two dimensions retains 76% of the total 
sum of squares of the original data and provides a very good representation of the 
relationships between the compounds and the sampled WWTPs.  All the dioxin-like 
compounds were found to be positively correlated to the first principal axis (PCA1) 
and all contributed to a similar degree to variation in the two-dimensional space 
represented in the biplots (i.e. vectors of similar length).  Inspection of the 
eigenvectors indicates that the first principal axis represents overall concentration of 
the dioxin-like PCDD/Fs while the second axis (PCA2) is a contrast between 
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OCDD/OCDF and 2378-TCDF/12378-PeCDD/123678-HxCDD/123789-HxCDD. 
WWTP A has the highest overall concentration of PCDD/Fs and WWTP A has 
relatively high OCDD/OCDF. Data for 2,3,7,8-TCDD were not included in this 
analysis as concentrations were below the detection threshold in most samples.
Chapter 3 
- 74 - 
(a) 
0.300.250.200.150.100.050.00
0.5
0.4
0.3
0.2
0.1
0.0
-0.1
-0.2
-0.3
PCA1
P
C
A
2
PCB 189
PCB 167
PCB 157
PCB 156
PCB 123
PCB 118PCB 114
PCB 105
PCB 126
PCB 81
PCB 77
OCDD
OCDF
1,2,3,4,6,7,8-HpCDD
1,2,3,4,6,7,8-HpCDF
1,2,3,7,8,9-HxCDD
1,2,3,6,7,8-HxCDD
1,2,3,6,7,8-HxCDF
2,3,4,6,7,8-HxCDF
2,3,7,8-TCDF
 
10.07.55.02.50.0-2.5-5.0
4
3
2
1
0
-1
-2
-3
PCA1
P
C
A
2
R8
R7
R6
R5
R4
R3
R2
R1
U8
U7
U6
U5
U4
U3 U2
U1
 
(b) 
0.350.300.250.200.150.100.050.00
0.4
0.2
0.0
-0.2
-0.4
-0.6
PCA1
P
C
A
2
OCDD
OCDF
1,2,3,4,6,7,8-HpCDD
1,2,3,4,7,8,9-HpCDF
1,2,3,4,6,7,8-HpCDF
1,2,3,7,8,9-HxCDD
1,2,3,6,7,8-HxCDD
1,2,3,7,8,9-HxCDF
1,2,3,6,7,8-HxCDF
2,3,4,6,7,8-HxCDF
1,2,3,7,8-PeCDD
1,2,3,7,8-PeCDF
2,3,7,8-TCDF
 
86420-2-4
3
2
1
0
-1
-2
-3
-4
PCA1
P
C
A
2
R8
R7
R6
R5
R4
R3
R2
R1
U8
U7
U6
U5
U4
U3
U2
U1
 
PCDD/Fs&PCBs 
- 75 - 
(c) 
0.350.300.250.200.150.100.050.00
0.4
0.2
0.0
-0.2
-0.4
-0.6
-0.8
PCA1
P
C
A
2
PCB189
PCB167
PCB157
PCB156
PCB123
PCB118
PCB114
PCB105
PCB126
PCB81
PCB77
 
6420-2-4
1.5
1.0
0.5
0.0
-0.5
-1.0
-1.5
-2.0
PCA1
P
C
A
2
R8
R7
R6
R5
R4
R3
R2
R1
U8
U7
U6
U5
U4
U3
U2
U1
Score Plot of PCB77, ..., PCB189
 
(d) 
0.40.30.20.10.0-0.1-0.2
0.50
0.25
0.00
-0.25
-0.50
PCA1
P
C
A
2
OCDD
OCDF
TotalHpCDF
TotalHpCDD
TotalHxCDF
TotalHxCDD
TotalPeCDF
TotalPeCDD
TotalTCDF
TotalTCDD
 
543210-1-2-3
3
2
1
0
-1
-2
-3
-4
PCA2
P
C
A
2
R8
R7
R6
R5 R4
R3
R2
R1U8
U7
U6
U5
U4
U3
U2
U1
 
Figure 3-7 Correlation PCA loading plot and score plot of (a) all dioxin-like congeners (b) dioxin-like PCDD/F (c) dioxin-like PCBs and (d) PCDD/F homologues 
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The PCA analysis of the dioxin-like PCBs (without PCB 169 as it was generally 
below the detection thresh-hold) was even more strongly dominated by one dimension 
than that for the dioxin-like PCDD/Fs, with the first two eigenvalues being 83.8% and 
7.7%. The biplot on the first two principal axes (Fig. 1b) retains 92% of the original 
variation.  The first principal axis represents average concentrations of the dioxin-like 
PCBs while the second principal axis represents differing composition, essentially a 
contrast between PCB81 (and to an extent PCB77) and the group of PCBs with 
PCB156, but variation along this axis is not very important relative to that on the first 
axis. 
The positions of the treatments plants are generally similar in both ordinations. 
Unsupervised PCA also revealed clusters that appeared to coincide roughly to urban 
and rural categories, with a few exceptions such as WWTP R1 that had a relatively 
high burden of dioxin-like compounds.  WWTP R1 has a low population (142,000) 
and is in a region where previously there was a large smelting industry, which is a 
known source of dioxin-like compounds (IPCS, 1989).  Another exception is WWTP 
R8, which had a higher dioxin-like PCDD/F burden than expected and therefore also 
had a high PCA1 score.  WWTP R8 is in a geographically isolated area, has a very 
low population (14,000) and no known industrial emitters dioxin-like compound and 
its relatively high burdens are unexplained.  However, the dioxin-like PCBs PCA1 
score was also high for WWTP R8, which may explain the higher burden of dioxin-
like PCDD/Fs.  One possible explanation is that PCBs may have been inappropriately 
disposed of in the area causing elevated concentrations of dioxin-like PCDD/Fs as 
well as dioxin-like PCBs.  A plot of PCA1 vs population for the dioxin-like PCDD/Fs 
indicated a generally positive association with one unusual point, WWTP R1 (Figure 
3-8). If WWTP R1 is left out then the regression of PCA1 on population size is highly 
statistically significant (P < 0.01).  The trend line shown in Figure 3-8 is the linear 
regression omitting point R1.  PCA1 effectively summarises overall PCDD/F 
concentration so there is a general positive relationship between dioxin-like PCDD/F 
burden in sewage sludge and population.  An equivalent graph of the PCBs PCA1 
against population indicated a weaker relationship (Figure 3-8). WWTP R1 was again 
an unusual point, having a much higher PCA1 score than other plants in population 
centres of similar size, but WWTP R1 also had a very high score.  If WWTP R1 is 
deleted from the analysis there is a significant (P=0.042), positive regression and this 
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trend line is shown in the Figure 3-8 (A log transformation was performed to stabilise 
the data). 
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Figure 3-8 Plot of log10PCA1 vs population for (a) dioxin-like PCDD/Fs and PCBs and (b) PCDD/F 
homologues 
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The burden of dioxin-like compounds increases with population, and this is likely to 
be related to urbanisation and not specifically population.  This source of dioxin-like 
compounds in the urban environment must also have been present in 1933, given that 
similar levels have been detected in an archived sludge sample (Lamparski et al., 
1984), as well as one archived Australian soil sample of the same period (Muller et 
al., 2004).  The correlation of dioxin-like PCDD/Fs with dioxin-like PCBs suggests 
that these compounds are also being produced and emitted by the same, as yet, un-
identified source. The mean concentration of dioxin-like compounds in sewage sludge 
in this survey is 5.3 WHO05 TEQ ng kg-1 dw.  All the Australian sewage sludge 
samples cited in this study are below the Victorian EPA “investigation limit” of 50 
WHO98 TEQ ng kg-1 dw and well below the European proposed guidelines of 100 
WHO98 TEQ ng kg-1 dw. 
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3.3.3 Dioxin-like compounds Variation with Time 
Dioxin-like compounds were measured in sewage sludge from three WWTP (U6, U7, 
U8) from the City of Perth, Western Australian, between the years 2002-2006.  As 
found in other studies OCDD, OCDF and 1,2,3,4,6,7,8-HpCDD were the dominant 
congeners present.  The concentration of dioxin-like compounds within this study 
ranged from 2.5 to 20.6 ng WHO05 TEQ kg-1 dw.  This is slightly higher than the 
national mean of 5.7 ng WHO05 TEQ kg-1 dw but still lower than all guideline values 
both domestic and internationally.  Table 3-7 presents the concentration of individual 
congeners and the concentration of each homologue.  Given the large volumes of 
sludge produced, the consistency of duplicate samples demonstrated that the 
concentration of dioxin-like compounds is reasonably homogenous.   
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Table 3-10 Concentration of dioxin-like compounds (ng kg-1 dw) in sewage sludge from three wastewater treatment plants from Perth, Western Australia during 2002, 2003, 2005 and 2006. 
 Beenyup Subiaco Woodman Point 
 2002 2003 2005 2006 2002 2003 2005 2006 2002 2003 2005 2006 
2,3,7,8-TCDF 4.6 11.4 7.5 7.4 6 5.1 2.6 2.4 <3 <2 4.5 3.9 4.5 <1 <0.6  <1.6 <2.0 2.6 2.3 2.6 3 2.1 2.9 
2,3,7,8-TCDD 0.7 1 0.26 0.32 <0.6 0.85 <0.8 <1 9.3 <0.1 0.48 0.63 8.3 <0.4 <0.3  <0.5 <0.2 0.35 0.26 0.68 <1 <0.6 <0.7 
1,2,3,7,8-
PeCDF 1.1 <6 1.7 1.6 <0.9 <0.6 <1 <0.7 0.7 <0.2 0.5 0.56 1.2 <0.3 <0.1  <0.9 2.1 1.1 1 1.1 <0.8 <0.9 <0.7 
2,3,4,7,8-
PeCDF 1.7 13 1.8 1.6 1.4 1.4 <0.9 <2 <1 <0.7 0.87 0.93 1.2 0.69 <0.3  <0.8 3.2 1.1 1.2 1.4 1.4 <0.7 <1 
1,2,3,7,8-
PeCDD 1.2 2.8 1.5 1.5 1.2 <1 <2 <2 <0.7 <0.4 1.3 1.2 <0.9 <0.8 0.56  0.9 2.3 1.4 1.1 2.2 1.9 <2 <2 
1,2,3,4,7,8-
HxCDF 2.8 6.8 1.5 <3 2.2 2.6 <0.8 <0.8 <3 <3 0.27 <0.1 1.6 1.3 0.61  2 5.2 <2 <1 2.5 2.2 1.2 <1 
2,3,4,6,7,8-
HxCDF 2 6.7 2 1.7 1.1 1.5 <0.9 <1 0.8 <0.4 0.775 0.87 0.75 <0.5 0.43  <0.6 4.4 1.8 1.8 1.5 1.6 1.3 <1 
1,2,3,6,7,8-
HxCDF 2.7 8 <3 <3 2.2 2.9 <2 <2 1.2 1 <1 <1 1.5 1.3 <0.4  1.8 6.7 2.7 <2 2 2 <2 1.9 
1,2,3,7,8,9-
HxCDF <0.4 <3 <0.4 <0.3 <0.4 <0.3 <0.5 <0.8 <0.3 <0.2 <0.4 <0.1 <0.3 <0.2 <0.3  <0.3 0.7 <0.3 0.23 <0.3 <0.5 <0.4 <0.8 
1,2,3,4,7,8-
HxCDD <0.5 1.3 0.58 0.61 <0.5 <0.5 <0.8 <0.8 <0.2 <0.1 0.71 0.72 0.45 <0.4 <0.4  <0.3 <2 0.75 0.63 1.4 <0.7 <0.5 <1 
1,2,3,6,7,8-
HxCDD 3 5.3 3.9 3.7 3.2 3.1 <2 2.5 2.6 1.8 4.5 4.8 5 5.4 3.7  3.2 13 4.2 4.3 4.6 4.3 2.9 3.1 
1,2,3,7,8,9-
HxCDD <0.5 1.33 <0.9 <0.7 <1 1.5 <0.8 <0.7 <1 <0.2 <1 <2 <2 <2 1.3  1.8 <2 <2 <3 3 3.8 1.2 <1 
1,2,3,4,6,7,8-
HpCDF 72 92 110 99 71 72 47 44 30 29 43 43 35 32 14  68 99 99 99 58 54 36 40 
1,2,3,4,7,8,9-
HpCDF 1.3 1.9 1.4 1.3 1.4 1.4 <0.6 <2 0.7 <0.5 <0.8 0.9 <0.6 0.82 <0.2  1.5 4.3 1.6 1.4 1.5 1.6 <1 <1 
1,2,3,4,6,7,8- 87 104 88 85 82 85 62 52 60 65 110 110 150 160 63  83 188 100 100 86 81 71 78 
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Table 3-10 Concentration of dioxin-like compounds (ng kg-1 dw) in sewage sludge from three wastewater treatment plants from Perth, Western Australia during 2002, 2003, 2005 and 2006. 
 Beenyup Subiaco Woodman Point 
 2002 2003 2005 2006 2002 2003 2005 2006 2002 2003 2005 2006 
HpCDD 
OCDF 333 379 340 330 240 250 170 150 137 137 170 170 60 78 22  321 389 330 320 170 180 130 130 
OCDD 882 1110 860 790 810 830 580 500 592 769 1270 1200 1000 1210 500  900 1160 999 990 740 780 700 710 
PCB 77 294 373 190 190 180 180 300 190 255 208 98 95 130 110 53  481 587 230 230 210 200 250 270 
PCB 81 14.9 40.3 8.4 8.4 7.9 8.5 13 8 25.1 8.43 7.4 6.6 11 5.1 2.1  15.9 23.4 9.9 9.5 9.4 8.3 8.2 8.3 
PCB 126 24.2 61 17 16 16 17 12 11 34.1 9.65 22 13 11 8.7 3.4  26.5 31.8 18 19 20 19 13 13 
PCB 169 <3 <10 2 2.3 2.2 1.9 <1 <1 <2 <2 2.3 1.4 <1 0.85 <0.2  3.35 <5 2.2 2.4 <2 2.4 <0.6 2 
PCB 105 1970 2100 860 820 1000 1030 680 580 1240 1290 810 770 680 680 250  1760 2250 1230 1300 1700 1780 670 750 
PCB 114 130 135 58 70 72 67 49 43 79 87.4 67 64 48 42 19  148 172 120 100 130 120 58 63 
PCB 118 3780 4710 2280 2110 2330 2400 1810 1490 2680 2600 2200 2280 1590 1410 660  3880 5040 3560 3190 4190 4010 1760 1800 
PCB 123 91 144 48 45 61 61 29 29 55.6 52.8 51 60 49 44 8  124 84.4 <100 73 99 97 29 28 
PCB 156 629 726 320 300 360 320 220 200 408 387 270 310 220 200 87  623 684 440 390 570 560 230 220 
PCB 157 119 161 100 72 80 89 49 45 80.2 <70 7 63 47 45 17  <100 161 75 110 140 150 51 49 
PCB 167 767 797 240 380 150 150 68 68 497 420 360 340 63 100 28  719 929 490 540 210 220 76 83 
PCB 189 35.5 31 16 15 19 20 16 <10 19.7 <20 <10 14 13 <10 <4  33.9 38.6 <20 24 23 27 <30 <20 
WHO98 
TEQPCBs 3.5 7.4 2.3 2.2 2.2 2.3 1.6 1.5 4.1 1.6 2.7 1.9 1.5 1.2 0.5 0.0 3.7 4.5 2.6 2.7 3.0 3.0 1.7 1.8 
WHO05 
TEQPCBs 2.7 6.4 1.9 1.8 1.8 1.9 1.3 1.2 3.6 1.1 2.4 1.5 1.2 1.0 0.4 0.0 3.0 3.5 2.1 2.2 2.2 2.2 1.4 1.5 
WHO98 
TEQPCDD/Fs 6.0 16.5 6.4 6.0 5.0 4.9 1.4 1.5 10.8 1.3 5.0 5.0 12.3 3.2 2.0  3.4 10.1 5.7 5.1 7.0 5.8 2.0 2.1 
WHO05 
TEQPCDD/Fs 5.9 14.2 6.3 5.9 4.9 4.8 1.6 1.6 10.9 1.5 5.1 5.1 12.2 3.3 2.1  3.7 9.7 5.7 5.1 6.8 5.7 2.2 2.2 
I-TEQ 6.5 16.5 6.7 6.3 5.4 5.9 2.1 2.1 11.4 2.1 5.6 5.7 13.3 4.4 2.2  4.1 10.3 6.2 5.7 6.7 5.7 2.8 2.8 
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Table 3-10 Concentration of dioxin-like compounds (ng kg-1 dw) in sewage sludge from three wastewater treatment plants from Perth, Western Australia during 2002, 2003, 2005 and 2006. 
 Beenyup Subiaco Woodman Point 
 2002 2003 2005 2006 2002 2003 2005 2006 2002 2003 2005 2006 
WHO98 TEQ 9.5 23.9 8.7 8.2 7.3 7.2 3.1 3.0 14.9 2.9 7.7 6.9 13.8 4.4 2.5  7.1 14.6 8.3 7.8 10.0 8.7 3.8 3.8 
WHO05 TEQ 8.6 20.6 8.2 7.7 6.8 6.7 2.9 2.8 14.5 2.6 7.5 6.6 13.4 4.3 2.5  6.7 13.2 7.8 7.2 9.1 7.9 3.6 3.7 
ΣTCDD 13 66 16 14 9.7 8.4 <4 <6 18 13 48 50 32 22 5.8  14 28 19 18 26 20 14 16 
ΣTCDF 28 219 41 39 33 32 23 19 19 14 26 23 120 20 10  22 19 27 24 21 19 20 22 
ΣPeCDD 21 59 23 22 28 11 0.7 10 38 9.9 45 110 730 7710 7.3  5.6 45 19 19 15 28 11 <10 
ΣPeCDF 12 119 31 27 23 18 8 9.7 11 10 17 18 30 16 140  10 29 23 22 21 22 9.4 12 
ΣHxCDD 23 77 40 36 25 25 20 16 13 9.6 31 34 30 32 6.2  13 119 35 44 53 1 23 23 
ΣHxCDF  20 59 38 29 21 23 15 17 10 5.1 15 14 11 10 21  14 43 29 28 21 20 18 17 
ΣHpCDD 159 198 180 170 150 160 110 89 109 119 220 220 240 260 14  154 348 200 200 160 160 130 130 
ΣHpCDF 117 136 170 150 100 110 66 58 49 48 36 38 49 49 110  111 152 160 150 89 84 54 55 
ΣPCDD/Fs 1610 2420 1740 1610 1440 1470 1000 870 996 1130 1880 1880 2300 2410 840  1560 2330 1840 1820 1320 1350 1110 1120 
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The dioxin-like PCBs 167, 105 and 118 are the major compounds present in the 
samples.  Despite this, the dioxin-like PCBs only comprise 31% of the overall WHO05 
TEQ.  OCDD was the major PCDD/F present, followed by OCDF and 1,2,3,4,6,7,8-
HpCDD, which is similar to the survey data.  Covariance PCA was performed and the 
samples were separated crudely according to year (Figure 3-10).  The greatest 
variation was observed in 2005 and the least in 2006. 
6000500040003000200010000
-200
-300
-400
-500
-600
-700
-800
-900
-1000
-1100
PCA1
P
C
A
2
W2006B W2006A
W2005B
W2005A
W2003B
W2003A
W2002B
W2002A
S2006A
S2005B
S2005A
S2003B
S2003A
S2002B
S2002A
B2006B
B2006A
B2005B
B2003B B2003A
B2002B
B2002A
 
 Figure 3-9 Covariance PCA score plot of dioxin-like compounds sewage sludge from three wastewater 
treatment plants (U6, U7 & U8) from Perth, Australia during the years 2002, 2003, 2005 and 2006. 
 
Correlation PCA demonstrated that the majority of the dioxin-like compounds are 
highly correlated, with the exception of 2,3,7,8-TCDF, 1,2,3,4,7,8-HxCDD and 
PCB77 (Figure 3-10).  This is in contrast the survey data, where all the dioxin-like 
compounds were statistically significantly correlated. 
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 Figure 3-10 Correlation PCA loading plot of dioxin-like compounds in sewage sludge from three 
wastewater treatment plants in Australia during the years 2002, 2003, 2005 and 2006. 
 
ANOVA was performed on the following variables OCDD, PCB118, ΣPCDD/Fs, 
ΣPCBs and WHO05 TEQ to analyse for differences in Year and WWTP and are 
presented in Table 3-11.  A statistically significant relationship between Year and 
parameter has been demonstrated and the relationship is not consistent with WWTP.  
There is no variation observed for the OCDD, ΣPCDD/Fs and WHO05 TEQ, but there 
is variation observed for PCB118 and while not statistically significant ΣPCBs 
(P=0.056).  This suggests that the source of PCDD/Fs is uniform to these WWTPs 
while dioxin-like PCBs are more variable. 
Table 3-11 Results of ANOVA (P) comparing variation according 
to year (2002, 2003, 2005 & 2006) and WWTP (U6, U7 & U8) 
 Year WWTP 
OCDD 0.007 0.506 
PCB118 0.005 0.031 
ΣPCDD/Fs 0.016 0.910 
ΣPCBs 0.001 0.056 
WHO05 TEQ 0.018 0.947 
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Linear regression analysis was completed on each of the parameters, and a 
statistically significant reduction in levels for each of the parameters was observed 
and the yearly reduction and statistical correlation (P) are given in Table 3-12.   
Table 3-12 Results of ANOVA (P) comparing variation according to Year (2002, 
2003, 2005 & 2006) and WWTP (U6, U7 & U8) 
ng kg-1 dw Reduction per Year P 
OCDD -69 0.018 
PCB118 -442 0.002 
ΣPCDD/Fs -140 0.036 
ΣPCBs -950 0.002 
WHO05 TEQ -1.5 0.008 
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Figure 3-11 Change in concentration of WHO05 TEQ ng kg-1 dw in samples collected from three wastewater 
treatment plants in Australia during the years 2002, 2003, 2005 and 2006 
 
One of the features of Figure 3-11 is high variation in concentrations observed in 
2002 and 2005, but not in 2003 and 2006.  This may provide information about 
dioxin-like compound emitters in the City of Perth and more generally in other cities.  
While it is highly speculative, the fact that an association between dioxin-like 
compounds in sludge and population has been demonstrated combined with this 
apparently random variation suggests that there is an unidentified dioxin-like 
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compounds emitter causing elevated concentrations of dioxin-like compounds in the 
years 2002 and 2005. 
3.4 GENERAL DISCUSSION 
A variety of different reporting systems for dioxin-like compounds have been 
employed and this can make comparison of historical data difficult.  One compound 
that has been routinely monitored and reported is OCDD, and it is suggested that this 
compound could be a marker for contamination to facilitate discussion and 
comparison of historical and contemporary data in the future, even as TEQ systems 
continue to evolve.  A positive correlation between OCDD concentration and TEQ 
was demonstrated (I-TEQ R = 0.97, WHO98 TEQ R = 0.70, WHO05 TEQ R = 0.82).  
This relationship was identified and a model developed to predict I-TEQ from OCDD 
and OCDF (Fuentes et al., 2007).  In our Australian sludge survey all the dioxin-like 
PCDD/Fs and PCBs were positively correlated.  In fact, principle component analysis 
revealed that that the total variation was mainly due to overall differences in overall 
load of dioxin-like compounds, with differences in relative concentrations of 
individual compounds contributing only a minor component to the overall variation 
between sludges.  Effectively the variation in dioxin-like compounds in sewage 
sludge can be summarised in just a single dimension, i.e. the total concentration of 
dioxin-like compounds.  Furthermore OCDD is a good choice of dioxin-like 
compound marker as its magnitude relative to other dioxin-like compounds means the 
variance in reported concentrations is far lower than other dioxin-like compounds 
with smaller magnitudes.  Monitoring or screening samples for this compound may 
reduce analytical costs and labour time currently required for the analysis of dioxin-
like compounds as it is an order of magnitude of order greater in concentration that 
other dioxin-like compounds and hence requires less sample preparation for analysis.  
Therefore, a classification of sewage sludge contamination based upon OCDD 
concentration is proposed (See Table 3-13).  Equivalent I-TEQ have been calculated 
using I-TEQ ng kg-1 = 0.053(OCDF ng kg-1 dw)0.36(OCDD ng kg-1 dw)0.49 (Fuentes et 
al., 2007); OCDF concentrations were estimated based upon the average ratio of 
OCDD to OCDF from the survey data. 
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Table 3-13 Contamination grading for sewage sludge based on 
octachloro dibenzo-p-dioxin (OCDD) concentration ng kg-1 dw and 
compared to calculated I-TEQ ng kg-1 concentration (1-5, low – high) 
Grading OCDD I-TEQ1 
1 150-1,000 1 – 5 
2 1,000-10,000 5 – 38 
3 10,000-60,000 38 – 171 
4 60,000 -200,000 171 – 475 
5 200,000+ 475 + 
1I-TEQ calculated by formula I-TEQ ng kg-1 = 0.053(OCDF ng kg-1 
dw)0.36(OCDD ng kg-1 dw)0.49 (Fuentes et al., 2007); OCDF concentration 
calculated by average ratio of OCDF/OCDD. 
 
3.5 CONCLUSION 
All sewage sludge samples analysed as part of these studies had low overall 
concentrations of dioxin-like compounds.  Out of thirty-seven samples, all except one, 
were within the reported concentration range of soil within the Australian 
environment (0.05 – 23 WHO98 TEQ ng kg-1 dw middle bound concentration) (Muller 
et al., 2004).  The mean concentration of dioxin-like compounds in Australian sewage 
sludge survey of 2006 was found to be 5.3 (s.d. 4.3) WHO05 TEQ ng kg-1 dw (n=14) 
and were within the range of 1.2 to 15.3 WHO05 TEQ ng kg-1 dw.  All the Australian 
sewage sludge samples cited in these studies were below the Victorian EPA 
“investigation limit” of 50 ng WHO98 TEQ kg-1 dw and well below the European 
proposed guidelines of 100 ng WHO98 TEQ kg-1 dw.  The burden of dioxin-like 
compounds is Australian sewage sludge is low and its land application as biosolids 
will not significantly increase soil concentrations. 
Despite a slightly higher concentration of dioxin-like compounds in urban samples 
compared to rural sample a statistical significant difference was not found.  Principal 
component analysis showed that all the dioxin-like compounds were correlated.  A 
general positive relationship was found between population of the town producing the 
waste and both dioxin-like PCDD/Fs and PCBs.  The one exception to this trend was 
sludge from a town that had a history of smelting that had a relatively high burden of 
dioxin-like compounds.  Sludge from WWTP R8 also had a higher burden of dioxin-
like compounds.  This treatment plant services a geographically isolated town with a 
low population and no known emitters of dioxin-like compounds.  However, this 
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sample also had a relatively high burden of dioxin-like PCBs, which could be the 
source of the dioxin-like PCDD/Fs found in this sludge. 
Analysis of the time series data from three WWTP from Perth between the year 2002 
and 2006 revealed that there has been a statistically significant reduction in dioxin-
like compounds during that time of 1.5 ng WHO05 TEQ kg-1 dw per year.  The 
concentration of dioxin-like compounds was similar in all three WWTPs, supporting 
the hypothesis developed relating population with dioxin-like compounds.  A greater 
variation was observed in 2002 and 2005 that may provide clues about emitters of 
dioxin-like compounds in the urban environment.  The source of diffuse low-level 
dioxin-like compounds has not been fully characterised in the scientific literature.  
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4.1 INTRODUCTION 
Fire retardants are used in plastics, textiles, electronic circuitry, and other materials to 
prevent fires and thereby protect human life and property.  The idea of flame-
retardant materials dates back to about 450 BC, when the Egyptians used alum to 
reduce the flammability of timber (IPCS, 1997).  Later, the Romans (about 200 BC) 
used a mixture of alum and vinegar for the same purpose (IPCS, 1997).   Advances in 
chemistry in modern times has resulted in the use of more than 175 different flame 
retardant chemicals divided into four major groups:  inorganic, halogenated organic, 
organophosphorus and nitrogen-based compounds and mixtures (Alaee & Wenning, 
2002).  Brominated compounds or brominated fire retardants (BFRs) are used because 
of their ability to generate halogen atoms from the thermal degradation of the parent 
compound to chemically reduce and “retard” the development of the fire (de Wit, 
2002).  The BFRs studied were polybrominated diphenylethers (PBDEs) and 
polybrominated biphenyls (PBBs), Figure 4-1. 
Due to the widespread use of PBDEs as fire retardants in a wide range of products 
and as a result of their chemical properties, these chemicals have now accumulated 
within many environmental compartments. This includes the accumulation of PBDEs 
within living organisms (de Wit, 2002), as well as an the exponential increase in 
concentration in humans over the past twenty-five years between 1975-2000 (Norén 
& Meironyte, 2000).  The scientific evidence overwhelmingly supports the argument 
that PBDEs should be included in the United Nations Environment Programme’s 
(UNEP) Stockholm Convention on Persistent Organic Pollutants (POPs) i.e., they are 
environmentally persistent (Law et al., 2006), capable of long-range atmospheric 
transport (Schmid et al., 2007), bioaccumulate (Harden et al., 2005) and are 
biologically active (McDonald, 2002).  Therefore it is crucial to understand the levels 
and environmental fate of PBDEs.  Sewage sludge is an important medium requiring 
monitoring for chemical pollution, as one of the responsibilities of wastewater 
treatment is to prevent the (re)release of chemical pollutants into the environment, and 
sewage sludge is an important sink of POPs.  
PBDEs have been sold in three commercial formulations each named for the 
prominent homologue in the mixture viz., pentaBDE, octaBDE, and decaBDE, and 
the estimated global demand in 1999 is supplied in Table 4-1.  Despite the 
commercial formulation names each contains many BDE congeners (BSEF, 2005).  
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Table 4-1 Estimated world market demand for pentaBDEs, octaBDE, decaBDE in 1999 given 
in metric tons 
 pentaBDE octaBDE decaBDE 
Americas 8 290 1 375 24 300 
Europe 210 450 7 500 
Asia 0 2 000 23 000 
Total 8 500 3 825 54 800 
Source: (www.bsef.com) 
 
In many nations, the use of PBDE fire retardants is being phased out – in particular, 
the pentaBDE and octaBDE formulations.  Their use has been restricted in many parts 
of Europe, Japan, some states of the USA and Australia (BSEF, 2005; NICNAS, 
2007).  Likewise, the manufacture and use of polybrominated biphenyls (PBBs) was 
curbed in the 1970s largely as a result of a serious human contamination incident in 
Michigan, USA (IPCS, 1994a).  Their production has now been phased out 
internationally, with the last PBBs manufactured in France in 2000 (de Wit, 2002).  
However, the global demand for BFRs continues to grow substantially due to the 
increasing usage of organic polymer materials in construction, electronic and 
computer equipment. The global market for BFRs grew from 145 000 tonnes in 1990 
(Pettigrew, 1994), to over 310 000 tonnes in 2000 (BSEF, 2005); Table 4-1.   
Estimated quantities imported into Australia are given in Table 4-2. 
Table 4-2 Amount of polybrominated diphenyl ethers (PBDEs) imported into Australia (1999)  
Substance 
 
CAS Number 1998/1999 
(tonne) 
Pentabromodiphenyl ether 32534-81-9 72 
Octabromodiphenyl ether 32536-52-0 47 
Decabromodiphenyl ether 1163-19-5 177 
Source: (NICNAS, 2005) 
 
The toxicity of PBDEs is slowly becoming understood.  PBDEs as environmental and 
human contaminants first gained prominence in the late 1990s when Norén & 
Meironyte et al. reported an exponential increase in PBDE levels in Swedish mothers’ 
milk over a 25-year period (Norén & Meironyte, 1998).  In general, the PBDE 
concentrations in humans have increased by a factor of ~100 during the last 30 years - 
reaching as high as 190 ng g-1 lipid for breast milk from women in the USA in 2000 
(Hites, 2004) leading to concern among scientists and regulatory authorities (Harden 
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et al., 2005; Schecter et al., 2006; Harrad & Porter, 2007; Schuhmacher et al., 2007; 
She et al., 2007).  The mean concentration of PBDEs in Australian womens breast 
milk was 11 ng g-1 expressed on a lipid basis and ranged between 6.0 ng g-1 and 18 ng 
g-1.  On a worldwide basis, the levels of PBDEs in breast milk are higher than those 
observed in Europe and Japan but lower than those observed in North America and 
Canada (Harden et al., 2005).   
Assessment of health risks associated with PBDE human accumulation and exposure 
is complicated and, to date, has not been adequately characterized.  However, the 
potential risks associated with exposure to the most bio-active congeners (tri- to octa-
BDE) include thyroid hormone disruption, neuro-developmental defects and cancer.  
Several studies have shown that PBDEs share the general property of organo-
halogenated compounds which is that in vivo exposure of rodents results in reduction 
of serum total and free thyroid hormone (thyroxine (T4)) levels (Darnerud et al., 
2001; McDonald, 2002).  Altered thyroid hormone function, particularly during 
development, are profound and have been hypothesized to lead to disrupted brain 
development and permanent neurological damage (Legler & Brouwer, 2003). 
Currently there are no guidelines, either within Australia (NRMMC, 2004) or 
internationally (U.S. EPA, 1999; European Commission, 2001) that regulate or 
propose permissible levels of PBDEs or PBBs in sewage sludge for land application.  
This chapter summarizes the scientific literature on PBDEs and PBBs levels in 
sewage sludge and presents results of an Australian sewage sludge survey conducted 
in 2006. 
4.1.1 Chemical Properties 
There are theoretically 209 PBDE and PBB congeners and they are numbered 
according to the IUPAC system used for numbering PCBs based on the position of 
the halogen atoms on the rings.  The most common congeners are listed in Table 4-3. 
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Figure 4-1 Chemical structure of four common brominated flame retardants (a) polybrominated diphenyl ether 
and (b) polybrominated biphenyls. 
 
 
Table 4-3 Names and congener numbers of prominent PBDEs 
and PBBs 
Homologue IUPAC No Bromine Substitution 
Tetra 47 2,2',4,4' 
Penta 99 2,2',4,4',5 
Penta 100 2,2',4,4',6 
Hexa 153 2,2',4,4',5,5' 
Hexa 154 2,2',4,4',5,6' 
Hepta 183 2,2',3,4,4',5',6 
Deca 209 2,2',3,3',4,4',5,5',6,6' 
 
4.1.1.1 Polybrominated Diphenyl Ethers 
PBDEs have low vapour pressures and are very lipophilic, with log KOW values in the 
range 5.9-6.2 for tetra-BDEs, 6.5-7.0 for penta-BDEs, 8.4-8.9 for octa-BDEs and 10 
for deca-BDE (IPCS, 1994b).  High KOW values (log KOW > 4) indicate that these 
compounds will partition strongly into organic fraction of sewage sludge and that they 
may bio-accumulate. 
The pentaBDE1 formulation [Cas No: 32534-81-9] is a viscous liquid that contains 
~70% bromine by mass and is mainly used as an additive in polyurethane foam such 
as furniture foams, and in the manufacture of some textiles. However, the pentaBDE 
formulation was voluntarily withdrawn from the Japanese market and has been 
banned in Europe since 2003, in some States of the USA, and recently Australia since 
                                                
1 A distinction is made between the PBDE homologues and the commercial formulation by the 
inclusion of a dash i.e. penta-BDE and pentaBDE respectively 
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2007 (Alaee et al., 2003; NICNAS, 2007).  Most of the pentaBDE formulation still in 
use (>97%) is used in North America (de Wit, 2002).  The pentaBDE formulation 
consists of 41-42% tetra-BDEs (mainly BDE47), 44-45% penta-BDEs (predominately 
BDE99 and to a lesser extent BDE100 (86:14)), and 6-7% hexa-BDEs (BDE153 and 
154).  The three congeners (BDE47, 99, 100) are also the predominant congeners 
found in biological matrices including human tissue (de Wit, 2002). In addition to the 
five main congeners listed, minor components have been identified in the pentaBDE 
formulation, BDE17, 28, 66, 85, 138, and 183 (Sjödin et al., 1998).   
The octaBDE formulation [32536-52-0] is a white powder that contains 79% bromine 
by mass and is mainly used in acrylonitrile butadiene styrene (ABS) resins, a common 
thermoplastic used to make light, rigid, moulded products such as musical instruments 
(recorders) and children’s building blocks.  The EU announced a ban on marketing of 
octaBDE in 2002 and Australia banned the use and importation of octaBDE in 2007 
(NICNAS, 2007).  
The decaBDE formulation [1163-19-5] is a white powder containing 83% bromine 
content by weight.  The decaBDE formulation contains mainly deca-BDE (~97-98%) 
but also contains a small amount of nona-BDE (~0.3 – 3%) (Alaee et al., 2003).  The 
decaBDE formulation is a general purpose flame retardant and can be used in 
virtually any type of polymer including polycarbonate, polyester resins, polyolefins, 
ABS, polyamides, polyvinyl chloride and rubber.  The decaBDE mix combined with 
antimony oxide is used in processes that require high-temperatures such as in the 
manufacture of high-impact polystyrene used in television and computer monitor 
cabinets.  Despite some debate as to the risks of the decaBDE formulation within the 
European Parliament, there are currently no regulations regarding the use of the 
decaBDE formulation (BSEF, 2005).  As of 2007, there are no regulations regarding 
the use or importation of this product in Australia (NICNAS, 2007).   
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Table 4-4 Summary of the physical and chemical properties of some polybrominated diphenyl ethers (PBDE) homologues 
 CAS# Formula MW 
g/mol 
Technical Mix Appearance Melting/ 
Softening 
Vapour 
Pressure 
(Pa) 
Water 
Solubility at 
25°C 
Log 
Kow 
Tri 49690-94-0 C12H7Br3O 407 TriBDE is not produced as an individual flame retardant, but tri-
BDEs are present at < 5% in the commercial pentaBDE product. 
There are 24 isomers of tri-BDEs possible and these have not 
been individually characterised. 
No Data No Data No Data No Data No 
Data 
Tetra 4008847-9 C12H5Br4O 486 There are 42 isomers of tetra-BDEs and these have not been 
characterised individually. TetraBDE is not produced as an 
individual flame retardant; however, tetra-BDEs  are components 
of the commercial pentaBDE product. 2,2’,4,4’-tetraBDE is the 
predominant tetra-BDE in the commercial pentaBDE product. 
No Data No Data No Data <0.011 mg/L  
 
5.9-
6.2 
Penta 32534-81-9 C12H4Br5O 565 There are 46 isomers of penta-BDEs and these have not been 
characterised individually.  The composition of commercial 
pentaBDE has been reported as a mixture of penta- (~55%), tetra- 
(~30%), hexa- (~10%) and tri (<5%) PBDE congeners. 
2,2’,4,4’,5-penta-BDE and 2,2’,4,4’-tetra-BDE are the 
predominant isomers in the commercial pentaBDE formulation. 
Viscous liquid No Data 4.69 × 10-5 
 
13.3 µg/L  6.58 
Hexa 36483-60-0 C12H3Br7O 644 There are 42 isomers of hexa-BDEs possible.  HexaBDE is not 
produced as an individual flame retardant. Hexa-BDE isomers 
are reported components of the commercial octaBDE and 
pentaBDE formulations. 
No Data No Data No Data No Data No 
Data 
Octa 32536-52-0 C12H2Br8O 802 There are 12 isomers of octa-BDEs and these have not been 
individually characterised.  The octaBDE commercial product is 
composed of hexa- to nona-BDEs with minor amounts (<0.1%) 
of BDE209. 
White to light 
yellow, 
odourless 
powder 
85-89°C 
 
6.59 ×10-6 
 
< 1 µg/L  
 
8.4-
8.9 
Nona 63936-56-1 C12HBr9O 882 There are 3 isomers of octa-BDE. Nona-BDE is not itself a 
commercial product but it is a component of other mixtures such 
as deca-BDE. 
No Data No Data No Data No Data No 
Data 
Deca 1163-19-5 C12Br10O 960 Only 1 isomer of deca-BDE is possible.  In the commercial 
decaBDE product ≥97% deca-BDE, ~3% nona-BDE, <1% Octa-
BDE 
White 
odourless 
powder 
~300°C 4.63 × 10-6 < 0.1 µg/L 10 
Source: (IPCS, 1994b; NICNAS, 2005)  
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4.1.1.2 Polybrominated biphenyl 
Commercial PBB products are mixtures that are named after the dominant homologue 
present; however, as with the PBDEs, they contain many other isomers.  For example, 
the commercial formulation commonly sold as “hexabromobiphenyl” (hexaBB) can 
have hexa-BB concentrations ranging between 60 and 90% (IPCS, 1994a).  There 
have been 18 different compounds identified in one of these formulations, Fire-
Master BP-6 (IPCS, 1994a), with the major hexa-BB identified being 2,2′,4,4′,5,5′- or 
BB153 (Sundstrom et al., 1976).  The decaBB formulation is reported to have a purity 
of more than 98% with the remaining 2% being nona-BB (IPCS, 1994a). 
In the USA and Canada, hexaBB (FireMaster™) was the principal PBB product. It 
was used as a fire retardant in three main commercial products: ABS plastics, 
coatings and lacquers, and polyurethane foam (IPCS, 1994a).  The use of the hexaBB 
formulation as a flame retardant in thermoplastic resins was confined to products that 
do not come into contact with food or animal feed and are not used in fabrics to which 
humans are exposed (IPCS, 1994a).  The use of hexaBB formulations was phased out 
following the Michigan contamination disaster in the early 1970s (IPCS, 1994a).  
HexaBB BFRs are banned in North America and in Europe (IPCS, 1994a; de Wit, 
2002).   
The decaBB formulation (Adine 0102™) was used as a flame retardant for 
thermoplastics and thermosets (e.g., in polyesters, epoxy resins, polystyrene, ABS, 
polyolefines, and PVC), for elastomers (e.g., in PU-elastomers and India rubber) and 
for cellulosics (e.g., chip-board). It is frequently used in association with antimony 
trioxide (Sb2O3) in a similar way to the decaBDE formulation.  Its use in paints and 
varnishes has also been reported (IPCS, 1994a). 
OctaBB and decaBB formulations were produced in the USA until 1979 (IPCS, 
1994a). A mixture of highly brominated PBBs called Bromkal 80-9D was produced in 
Germany until mid 1980s (IPCS, 1994a). Technical grade decaBB (Adine 0102) was 
produced in France until the year 2000.  Currently there are no known producers of 
PBBs internationally.  It is unclear as to the use of PBBs in Australia, however there 
is no restrictions on the its manufacture, importation or use in Australia (NICNAS, 
2001).  Table 4-5 lists some common PBB trade names. 
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Table 4-5 Major trade names and manufacturers of technical-grade PBBs and commercial PBB mixtures 
PBB mixture Trade Name Manufacturer CAS No. 
Hexa-PBBs  FireMaster(R) BP-6 Michigan Chemical Corp. (St. Louis, Mich.)      59536-65-1 
 FireMaster(R) FF-1b  Michigan Chemical Corp. (St. Louis, Mich.)        67774-32-7 
Octa/nona-PBBs Bromkal 80-9D  Chemische Fabrik Kalk (Cologne, Germany) 61288-13-9 
 Technical octabromobiphenyl       White Chemical Corp. (Bayonne, New Jersey)  
 Octabromobiphenyl FR 250 13A  Dow Chemical Co. (Midland, Mich.)  
Deca-PBB Adine 0102  Ugine Kuhlmann now Atochem (Paris, France)  13654-09-6 
 Berkflam B 10  Berk (London, United Kingdom)  
 Flammex B-10  Berk (London, United Kingdom)  
 Technical decabromobiphenyl     White Chemical Corp. (Bayonne, New Jersey)  
 HFO 101  Hexcel (Basildon, United Kingdom)  
Reproduced from (IPCS, 1994a) 
 
4.2 PBDE/PBB LEVELS IN SEWAGE SLUDGE 
There is a relatively small set of scientific literature that examines the issue of PBDEs 
and PBBs in sewage sludge.  The use of PBBs has not resulted in the widespread 
distribution of PBBs in the environment or in sewage sludge, particularly when 
compared to the ubiquitous PBDEs (de Wit, 2002).  The concentration of PBDEs in 
environmental matrices has increased dramatically since measurements were begun 
and are now found to be accumulating in most environmental compartments, 
including sewage sludge (de Wit, 2002).  There have been comprehensive studies in 
Australia investigating PBDEs in environmental matrices; however, there have been 
no studies focusing specifically on sewage sludge.  This review of the international 
body of work examining PBDEs in sewage sludge should aid in our understanding of 
the typical levels of PBDEs in sludge, as well as the source and environmental fate of 
these compounds.  PBDEs and PBBs are assumed to circulate within the environment 
in much the same way as other persistent halogenated compounds.  
4.2.1 Historical Levels in Sludge 
4.2.1.1 Polybrominated Diphenyl Ethers 
PBDEs were first detected in sewage sludge and other environmental samples in 1979 
from samples collected near chemical manufacturing sites in the USA (de Carlo, 
1979).  However, it was not until 1992 that Nylund et al. first reported the 
concentration of two common PBDEs congeners found in sludge (2,2´,4,4´- tetra-
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BDE (BDE47) and 2,2´,4,4´,5-penta-BDE (BDE99) of 15 µg kg-1 dw and 19 µg kg-1 
dw respectively), which are both components of the pentaBDE formulation (Nylund 
et al., 1992).  These levels were similar to those reported in a 1992 study by 
Hagenmaier et al. with ∑penta-BDE ranging from 0.22 and 17.13 µg kg-1 dw with an 
average of 8.58 µg kg-1 dw, n=13 (Hagenmaier et al., 1992).  Hagenmaier et al. also 
reported the consistent presence of brominated furans (PBDF) at relatively high 
concentrations (ranging from 0.21 – 3.05 µg kg-1 dw and a mean of 1.17 µg kg-1 dw), 
which are similar to the concentration of the chlorinated dioxins and furans (Rappe et 
al., 1998).  Hagenmaier stated “there is a reasonably good correlation between the 
concentrations of PBDFs and PBDEs” and suggested that the PBDEs are the source of 
PBDFs observed in sludge.  This is extremely important and requires more research, 
as PBDFs share the same level of toxicity as the chlorinated furans (IPCS, 1989; 
IPCS, 1998). 
The results reported by Nylund et al. (1992) and Hagenmaier et al. (1992) are 
surprisingly low when compared to other modern literature.  For example the sludge 
samples collected in 1997-1998 from Stockholm, Sweden, reflect concentrations of 
PBDEs in sludge more typical of those in contemporary sludges i.e. BDE47 levels of 
78, 80 and 36 µg kg-1 dw; BDE209 levels of 220, 270 and 170 µg kg-1 dw.  The 
concentrations of BDE47, 99, 100, and 209 were first presented by de Wit based upon 
work of Sellstrom et al. and are presented in Table 4-6 (Sellstrom et al., 1999; de Wit, 
2002).  These results show a higher burden of BDE209 compared to the other 
congeners from the pentaBDE formulation. 
The dominance of BDE209 was demonstrated again with findings by de Boer et al. 
when concentrations of up to 920 µg kg-1 dw found in sludge samples from The 
Netherlands (de Boer et al., 2000).  de Boer et al. also reported the concentration of 
BDE47, 99, 153 and 209 on suspended particulates in WWTP raw water and effluent, 
finding that BDE47 and BDE209 increased in concentration from an average of 2.3 to 
22 µg kg-1 and 24 to 350 µg kg-1 respectively in WWTP influents and effluents (de 
Boer et al., 2000).  Unfortunately, the amount of suspended material that was typical 
of these water samples was not provided, and should be considerably lower in effluent 
than raw water.  It is not surprising that PBDEs are found on suspended solids, since 
highly hydrophobic organic compounds will partition to the sludge and suspended 
solids in preference to water through the WWTP process.  However, this finding may 
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have consequences for the use of treated effluent, perhaps requiring a higher level of 
treatment before effluent can be reused or discharged into the environment.  The 
presence of PBDEs in secondary treated effluent was also reported by North in 2004.  
The congeners BDE47, 99 and 209 were detected in wastewater effluent at 10, 11 and 
2 ng L-1 respectively (North, 2004).  Again the amount of suspended material was not 
reported.  Hamm (2004) presented the PBDE levels of eight German WWTP sewage 
sludges and suspended particulate matter from their effluent.  The total tri- to deca-
BDE concentrations ranged from 231 to 982 µg kg-1 dw (mean of 544 µg kg-1 dw) for 
sludges and from 71 to 353 µg kg-1 dw (mean of 209 µg kg-1 dw) for the suspended 
particulate matter (Hamm, 2004). 
In 2001, Hale et al. reported the total concentration of penta-BDEs in USA biosolids 
as 1 100 to 2 290 µg kg-1 dw suggesting that input was consistently high, regardless of 
the region and irrespective of preliminary treatment. These levels are far higher than 
previously reported and exceeded those in European sludges by 10- to 100- fold.  This 
was attributed to the much higher use of PBDEs, both the pentaBDE and the 
decaBDE formulations, within the USA.  Unlike BDE47 & 99, both components of 
the pentaBDE formulation, BDE209 varied widely among the biosolids analyzed 
ranging from 84.8 – 4 890 µg kg-1 dw.  Incidentally, Hale et al. (2001) also reported 
that a fish caught from a Virginia stream contained 47 900 ng g-1 lipid (or 48 ppm) of 
total PBDEs, one of the highest environmental burdens ever reported.  In further work 
investigating the levels of PBDEs in the USA in raw and treated sludges, Hale et al. 
found an average total PBDEs of 1 540 µg kg-1 dw (Hale et al., 2002), while North 
(2004a) found BDE209 concentrations of 1 183 µg kg-1 dw and the ∑PBDE 
concentration up to 3 955 µg kg-1 dw (North, 2004).   
In 2002, Oberg et al. reported the concentration of PBDEs and PBB-153 in 116 
sewage sludge samples.  Unfortunately the results were reported on a wet weight 
basis making it impossible to compare the levels determined with other international 
literature, as the water content of sewage sludge is highly variable.  Oberg et al. does, 
however, report the detection of PBB-153 (Oberg et al., 2002).  
Fabrellas et al. (2004) found that the major PBDE constituent of sludge (<95%) is 
BDE209 with concentrations ranging between 786 and 5 837 µg kg-1 dw.  In an 
industrial sewage sludge sample the concentration of BDE209 was the highest ever 
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reported at 18 032 µg kg-1.  Despite the relatively low concentrations of the total tri- 
to hexa-BDE levels (5.3 and 177.3 µg kg-1 dw respectively) relative to deca-BDE, 
these concentrations are still relatively high compared to other studies.  The congener 
ratios resemble the pattern of the commercial pentaBDE formulation (Fabrellas et al., 
2004).   
In 2006, Law et al. reported the results of Swedish sludge analyzed for BDE47, 99, 
100, 153, 154, 209.  Law et al. found that BDE209 was the dominant species, with 
highly variable concentrations ranging from 5.6 to 1 000 µg kg-1 dw and an average 
concentration of 120 µg kg-1 dw (Law et al., 2006).  Again the congener profile of 
BDE47, 99, 100, 153 and 154 in all the Swedish sludges was similar to that of the 
pentaBDE technical product, which is probably the original source.  Concentrations of 
the lower brominated PBDEs were fairly similar in all sewage sludge samples, 
indicating diffuse leaching of these from products into wastewater streams (Law et 
al., 2006). 
Knoth et al. (2007) reported the concentration of PBDEs in 39 sludge samples from 
different stages of the WWTP process from eleven municipal wastewater treatment 
plants in Germany, which were collected from March 2002 to June 2003.  The total 
tri- to hepta-BDE concentrations (sum of BDE 28, 47, 99, 153, 154 and 183) ranged 
from 12.5 to 288 µg kg-1 dw (mean 108 µg kg-1 dw).  The BDE209 concentrations 
once again varied widely between 97 to 2 217 µg kg-1 dw (mean 256 µg kg-1 dw) and 
was again the most prevalent congener detected (Knoth et al., 2007).  No change in 
the tri- to hepta-BDE congener profile ratios was observed (% of total BDE 28, 47, 
99, 153, 154, 183 without 209) in sludge from different stages of the waste water 
treatment process (primary sludge, secondary excess sludge and dewatered digested 
sludge), which suggested that the degradation of BDE209 and other higher 
brominated PBDEs to other lower brominated congeners did not occur. 
Sludge samples collected from 31 WWTPs in 26 cities in China were analyzed for 
PBDEs and organochlorine pesticides (OCPs) (Wang et al., 2007). The concentrations 
of ∑PBDE (sum of congeners 17, 28, 47, 66, 71, 85, 99, 100, 138, 153, 154, and 183) 
ranged from 6.2 to 57 µg kg-1 dw. The concentration of BDE209 ranged from below 
limit of detection (< 1 µg kg-1) to 1 109 µg kg-1 dw (with a median of 27 µg kg-1 dw), 
and mean of 55% (median 69%) of the total PBDEs.  These levels are about 10–100 
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times lower than those found in Europe and North America. PBDE levels in sludge 
were not found to depend on the location or treatment capacity of the WWTPs. 
To summarize, the major congeners present in sewage sludge are BDE47, 99 and 209 
and the ΣPBDE concentrations are typically present in the µg kg-1 dw to the low mg 
kg-1 dw range.  These congeners represent the major commercial formulations of 
pentaBDE (BDE47, 99) and decaBDE (BDE209), which appear to be the original 
sources and the concentration of these congeners in the scientific literature are 
summarised in Table 4-6. 
Table 4-6 Concentration of PBDE 47, 99, -100 and 209 ng/g d.w. in sewage sludge from waste water 
treatment plants reported in the English peer reviewed scientific literature. 
Country BDE47 BDE99 BDE209 Reference 
Sweden 15, 15 19, 19  Nylund, 1992  
Sweden 78, 80, 36 98, 100, 56 220, 270, 170 Sellstrom, 1999  
USA 498, 754, 359, 
525, 518, 673, 
536, 605, 421, 
686, 674 
743, 1157, 513, 584, 
714, 815, 516, 572, 
391, 648, 613 
308, 1460, 553, 84.8, 
1940, 4890, 368 
Hale, 2001  
Netherlands 9.5, 11, 40 11, 14, 38 <180, 190, 8.6 de Boer, 2003 
Spain 83.6, 21.4, 28.3, 
1.8, 49.8, 38.5 
64.2, 23.4, 25.6, 37.6, 
34.5,  
5430, 756, 1203, 
3591, 5837, 18632 
Fabrellas, 2004  
Germany 25.2, 51.7, 35.2, 
55.0, 26.7, 35.4, 
88.0, 62.7 
37, 72.2, 59.3, 76.9, 
39.0, 54.2, 126.6, 94.2 
217, 198, 639, 400, 
177, 100, 268, 609 
Hamm, 2004  
USA 757 (mean) 944 (mean) 1183 (mean) North, 2004  
Sweden 49 (mean), 7.0 
→ 100 
60 (mean), 8.1 → 150  120 (mean), 5.6 → 
1000 
Law, 2006 
Germany 20.3, 29.2, 37.6, 
54.8, 54.8, 39.2, 
36.2, 41.5, 39.8, 
42.7, 92.3, 45.3, 
28.1, 32.5, 41.0, 
58.7, 95.2, 84.5, 
115 
23.6, 32.1, 37.9, 52.7, 
60.5, 34.1, 40.4, 45.8, 
48.2, 48.5, 95.3, 49.1, 
29.9, 40.5, 42.4, 59.2, 
118, 98.2, 124 
133, 193, 247, 235, 
270, 135, 354, 450, 
411, 340, 302, 1141, 
204, 605, 417, 393, 
690, 556, 1339 
Knoth, 2007 
China 5.0 (mean) 
0.4 → 58.7  
4.5 (mean) 
<3.4 → 69.7 
68.5 (mean) 
<1 → 1108.7 
Wang, 2007  
 
The concentration of the BDE47 and 99 were consistent with little variation between 
WWTPs or country, whereas the concentration of BDE209 was highly variable.  
Given the consistency of the levels of BDE47 and 99 and the incorporation of the 
pentaBDE formulation into many domestic products, this suggests that the pentaBDE 
source is likely domestic in origin.  While decaBDE may arise from domestic sources 
it is likely that elevated concentrations are the result of industrial applications and 
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discharge.  Another hypothesis is that BDE209 is highly variable in concentration due 
to the higher degradation rates of this compound found in laboratory experiments 
(Soderstrom et al., 2004).  Another area of research that requires more attention is the 
concentration of brominated dioxins and furans as a result of PBDE degradation or 
contamination with the commercial PBDE products.   However, the analysis of these 
compounds pose a challenge with current mass spectrometry methodology due to the 
higher molecular mass of the brominated organic compounds placing them outside the 
mass range of conventional quadrupole mass spectrometers.   
4.2.1.2 Polybrominated Biphenyls 
The concentration of PBBs in sewage sludge has received little attention, primarily 
because of the relatively low use of PBBs in manufacturing.  In general, the few 
studies (n=3) that have investigated the levels of PBBs in sludge showed PBBs to be 
below the detection limit (de Carlo, 1979, de Boer et al., 2003, de Boer et al., 2000).  
In 2000, the presence of PBB was not detected in WWTP raw water or effluent or 
other environmental samples analysed (de Boer et al., 2000).  In 2003, de Boer  et al. 
again analysed environmental samples for PBBs.  This time analysing raw water, 
effluents and suspended particulate matter from a Swedish wastewater treatment plant 
for PBB15, 49, 52, 101, 153, 169 and 209, all of which were below the detection limit 
(de Boer et al., 2003).  The detection limits for most PBBs were between < 0.1 and < 
1 µg kg-1 dw, but for PBB209 the detection limits were generally between < 1 and < 
10 µg kg-1 dw.  This result is in agreement with the negligible PBB production in 
Europe over the past decades (de Boer et al., 2003).  It is unclear as to whether these 
compounds have degraded or have been diluted to undetectable levels.  In Australia, 
the analysis of PBBs has only been possible since the development of isotopically 
labelled standards, and the advent of facilities with ultra-trace capability, using high-
resolution mass spectrometry in late 2007.   
4.3 RESULTS 
The concentration of PBDEs as measured in the sixteen sewage sludge samples 
collected in 2006 is supplied in Table 4-7.  An estimate of the error associated with 
each analytical measurement has been calculated by the relative error of duplicate 
samples measured as part of the time study.  
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Table 4-7 Concentration of PBDE congeners and PBB-153 µg kg-1 dry weight in Australian Sewage Sludge Survey conducted in 2006; U = Urban (Pop. > 1,000,000), R = Rural (Pop. 
< 300,000) 
Congener U1 U2 U3 U4 U5 U63 U7 U83 R1 R2 R3 R4 R5 R6 R7 R8 SE2  
BDE 17 0.96 2.7 2.7 0.27 0.16 7.75 0.46 1.85 4.3 0.25 12 2.6 0.69 0.4 0.0065 3.6 0.3 
BDE 28 + 33 2.0 3.1 25 1.1 <0.2 4.55 0.85 5.2 8.1 0.92 2.6 2.4 1.2 1.4 <0.06 11 0.4 
BDE 30 <0.04 <0.02 <0.06 <0.02 <0.03 <dl <0.03 <dl 0.14 <0.006 0.012 <0.06 <0.05 <0.03 <0.008 <0.1  
BDE 47 120 180 36 72 17 205 45 285 170 74 120 140 56 89 <0.4 410 19 
BDE 49 3.8 5.6 2.3 2.3 1.9 7.95 1.5 8.45 16 1.9 6.4 5.6 2 3.1 0.035 23 1.1 
BDE 66 3.3 6.1 1.4 2.9 0.59 7.15 1.5 7.7 8.4 1.9 4.2 4.8 1.7 2.8 0.017 14 2.1 
BDE 71 <0.2 <2 <0.2 <0.3 <0.06 <dl <0.2 <dl 1.6 0.17 8 1.9 <4 0.18 <0.009 1.4  
BDE 77 0.049 0.055 0.0099 <0.01 <0.004 0.58 <0.03 0.092 0.1 0.027 0.06 0.069 <0.03 0.06 <0.004 0.16 0.6 
BDE 85 4.8 6.7 1.1 3.1 1 8.8 1.8 11.5 5.1 5.8 3.9 5.8 1.8 4.2 0.013 14 2 
BDE 99 130 190 31 84 22 230 48 315 210 120 130 170 51 130 0.37 400 49 
BDE 100 26 39 8.6 16 4.4 47.5 9.6 63.5 41 21 24 32 11 21 <0.08 94 10 
BDE 119 <0.9 <1 <0.1 <0.4 0.04 0.695 0.11 0.465 0.28 0.14 0.28 0.29 <0.6 0.21 <0.002 0.68 0.38 
BDE 126 <3 <0.04 <0.5 <0.02 <0.5 0.805 <0.02 <dl <0.1 <0.02 <0.02 <0.02 <0.03 <0.02 <0.01 <0.02  
BDE 138 + 166      3.3 1.9 2.7 4.2 4.7 3.9 6.1 nd 4.2  11 1.4 
BDE 139 1.5 2 0.49 0.82 0.31 2.8 0.42 3.15 1.6 1.9 1.1 1.5 0.4 1.3 <0.002 3.9  
BDE 140 0.45 0.71 0.18 0.29 0.16 1.27 0.13 0.84 0.61 0.54 0.47 0.59 0.16 0.36 <0.01 1.1  
BDE 153 13 20 4.8 8.2 4.9 23 4.4 28 23 14 13 17 4.6 13 0.064 35 2.0 
BDE 154 10 16 4.3 6.1 3.2 19.5 3.9 24.5 19 9.8 12 15 3.8 8.4 0.04 33 3.0 
BDE 156 + 169      4.8 <0.1 <dl <0.09 <0.08 <0.06 <0.1 nd <0.1  <0.09  
BDE 171 <0.09 <0.2 0.097 <0.4 0.41 3.87 0.099 0.375 0.38 0.11 0.17 0.27 0.13 0.2 <0.009 0.47  
BDE 180 0.37 1.7 0.14 0.29 0.81 3.945 0.11 0.615 0.57 0.17 0.26 0.41 0.16 0.33 <0.003 0.67  
BDE 183 9.6 19 3.9 5.1 15 13 1.9 10 13 3.3 3.7 11 3.3 7.3 0.083 11 3.0 
BDE 184 0.16 0.39 0.094 0.11 0.2 2.23 0.064 0.41 0.67 0.098 0.2 0.47 0.075 0.19 <0.002 0.38 2.5 
BDE 191 0.098 0.33 0.061 0.053 1.1 2.805 <0.04 <dl 0.2 0.047 0.14 0.092 0.053 0.082 <0.005 0.22  
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Table 4-7 Concentration of PBDE congeners and PBB-153 µg kg-1 dry weight in Australian Sewage Sludge Survey conducted in 2006; U = Urban (Pop. > 1,000,000), R = Rural (Pop. 
< 300,000) 
Congener U1 U2 U3 U4 U5 U63 U7 U83 R1 R2 R3 R4 R5 R6 R7 R8 SE2  
BDE 196 4.7 7.7 <0.2 <1 <2 7.4 1.6 4.2 6.4 2.2 4.7 4.2 3 4.3 <0.3 6.5 5.1 
BDE 197 2.9 3.6 0.89 1.1 8.4 8.75 0.85 4.3 6.6 1.4 2.2 5.4 1.5 3 0.022 4.3 4.6 
BDE 201 1.1 <4 <1 <0.7 14 4.85 0.38 1.3 2.8 0.44 1.8 1.2 0.59 1 0.015 2.7  
BDE 203 <3 <3 <1 <2 40 8.35 1.3 5.1 7.8 2.4 5.7 4.5 2.3 3.7 <0.03 8.7  
BDE 204 1.4 <3 0.64 0.97 <7 8.2 <0.1 <dl <0.4 <0.06 <0.1 <0.4 <0.1 <0.2 <0.004 <0.3  
BDE 205 <1 <0.7 <0.4 <0.6 <2 7.8 <0.2 <dl <0.3 <0.2 <0.09 <0.2 <0.3 <0.2 <0.2 0.058  
BDE 206 32 9.7 3.1 4.5 98 30 6 27.5 28 7.6 31 8.5 8.2 7.9 0.093 31 15 
BDE 207 13 12 5.7 6 110 19.5 6.3 12.5 21 5.9 20 8.7 7.4 9.9 0.094 19 14 
BDE 208 7.9 6.5 2.7 2.8 97 15.7 3.7 7.95 14 3.4 10 4.4 3.9 5.7 0.064 14  
BDE 209 1170 360 93 81 3780 530 130 910 990 280 1210 260 250 180 3.4 1050 220 
ΣPBDE1  1560 900 230 300 4230 1225 280 1735 1610 560 1630 710 420 500 4.5 2200 260 
PBB-153 0.52 2.2 0.38 0.58 1 0.59 0.22 0.63 0.65 0.33 0.037 0.2 0.45 0.69 0.2 0.18  
1Does not include half detection limit 
2The Standard Error associated with replicate sampling and analytical measurement calculated from five replicate samples as part of the time series study 
3Mean concentration of replicate samples  
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Figure 4-2 Concentration of BDE47, BDE209 and ΣPBDE µg kg-1) in Australian sewage sludge; U = Urban (Pop. > 
1,000,000), R = Rural (Pop. < 300,000) 
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Table 4-8 Summary statistics of PBDE and PBB concentration µg kg-1 dry weight in Australian sewage sludge survey 2006; overall, urban (population > 1,000,000) and rural 
(population < 300,000)  
 Overall Urban Rural 
Congener N ND Mean SD Min Med Max N ND Mean SD Min Med Max N ND Mean StDev Min Med Max 
BDE17 16 0 2.5 3.3 0.006 1.4 12 8 0 2.1 2.5 0.16 1.4 7.8 8 0 3.0 4 0.01 1.7 12 
BDE47 15 1 130 105 17 120 410 8 0 120 95 17 96 290 7 1 150 121 56 120 410 
BDE49 16 0 5.7 6.0 0.04 3.5 23 8 0 4.2 2.8 1.5 3.1 8.5 8 0 7.3 8.1 0.04 4.4 23 
BDE66 16 0 4.3 3.7 0.02 3.1 14 8 0 3.8 2.8 0.59 3.1 7.7 8 0 4.7 4.5 0.02 3.5 14 
BDE77 10 6 0.12 0.17 0.01 0.06 0.58 4 4 0.17 0.27 0.01 0.05 0.58 6 2 0.08 0.04 0.03 0.06 0.16 
BDE85 16 0 5.0 3.9 0.01 4.5 14 8 0 4.8 3.9 1 4.0 12 8 0 5.1 4.1 0.01 4.7 14 
BDE99 16 0 140 110 0.4 130 400 8 0 130 110 22 110 320 8 0 150 120 0.4 130 400 
BDE100 15 1 31 24 4.4 24 94 8 0 27 21 4.4 21 64 7 1 35 28 11 24 94 
BDE119 10 6 0.32 0.23 0.04 0.28 0.69 4 4 0.33 0.31 0.04 0.29 0.69 6 2 0.31 0.20 0.14 0.28 0.68 
BDE139 15 1 1.6 1.1 0.31 1.5 3.9 8 0 1.4 1.1 0.31 1.2 3.2 7 1 1.7 1.1 0.4 1.5 3.9 
BDE140 15 1 0.52 0.34 0.13 0.47 1.27 8 0 0.5 0.41 0.13 0.37 1.3 7 1 0.55 0.30 0.16 0.54 1.1 
BDE153 16 0 14 9.7 0.06 13 35 8 0 13 9.3 4.4 11 28 8 0 15 11 0.06 14 35 
BDE154 16 0 11 8.9 0.04 9.9 33 8 0 11 8.1 3.2 8.1 25 8 0 13 10 0.04 11 33 
BDE171 12 4 0.55 1.1 0.10 0.24 3.9 5 3 0.97 1.6 0.097 0.38 3.9 7 1 0.25 0.14 0.11 0.20 0.47 
BDE180 15 1 0.7 0.98 0.11 0.37 3.9 8 0 1.0 1.3 0.11 0.49 3.9 7 1 0.37 0.20 0.16 0.33 0.67 
BDE183 16 0 8.14 5.4 0.08 8.5 19 8 0 9.7 5.9 1.9 9.8 19 8 0 6.6 4.7 0.08 5.5 13 
BDE184 15 1 0.38 0.54 0.06 0.2 2.2 8 0 0.46 0.73 0.064 0.18 2.2 7 1 0.3 0.22 0.07 0.20 0.67 
BDE191 13 3 0.41 0.77 0.05 0.10 2.8 6 2 0.74 1.1 0.053 0.21 2.8 7 1 0.12 0.06 0.05 0.09 0.22 
BDE196 11 5 4.8 2.0 1.6 4.7 7.7 4 4 5.4 2.8 1.6 6.05 7.7 7 1 4.5 1.6 2.2 4.3 6.5 
BDE197 16 0 3.5 2.7 0.02 3.0 8.8 8 0 3.9 3.2 0.85 3.25 8.8 8 0 3.1 2.2 0.02 2.6 6.6 
BDE201 13 3 2.5 3.7 0.01 1.2 14 5 3 4.3 5.7 0.38 1.3 14 8 0 1.3 1.0 0.01 1.1 2.8 
BDE203 11 5 8.2 11 1.3 5.1 40 4 4 14 18 1.3 6.7 40 7 1 5.0 2.5 2.3 4.5 8.7 
BDE206 16 0 21 24 0.09 9.1 98 8 0 26 31 3.1 19 98 8 0 15 13 0.09 8.4 31 
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Table 4-8 Summary statistics of PBDE and PBB concentration µg kg-1 dry weight in Australian sewage sludge survey 2006; overall, urban (population > 1,000,000) and rural 
(population < 300,000)  
 Overall Urban Rural 
Congener N ND Mean SD Min Med Max N ND Mean SD Min Med Max N ND Mean StDev Min Med Max 
BDE207 16 0 17 25 0.09 11 110 8 0 23 35 5.7 12 110 8 0 12 7.6 0.09 9.3 21 
BDE208 16 0 12 23 0.06 6.1 97 8 0 18 32 2.7 7.2 97 8 0 6.9 5.2 0.06 5.1 14 
BDE209 16 0 705 923 3 320 3780 8 0 882 1240 81 450 3780 8 0 530 470 3 270 1210 
ΣPBDE 16 0 1131 1056 5 805 4230 8 0 1308 1320 230 1063 4230 8 0 950 760 5 640 2200 
PBB153 15 1 0.55 0.52 0.04 0.45 2.2 7 1 0.78 0.67 0.22 0.58 2.2 8 0 0.34 0.24 0.04 0.27 0.69 
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With the exception of U4 the major congener present was BDE209 (mean 
concentration of 705 µg kg-1 dw), which is the major congener of the decaBDE.  The 
overall mean BDE209 concentration was 62% of the mean ΣPBDE and ranged from 
24% of the ΣPBDE concentration in U4 to 89% for U5.  The major contribution of 
BDE209 to the ΣPBDE burden is captured with a highly statistically significant 
correlation; R = 0.986, P < 0.001.  The other major congeners were BDE47 & 99 
which are the major congeners of the pentaBDE formulation.  They had an overall 
mean concentration of 130 and 140 respectively, each representing 12% of the total 
PBDE burden.  The source of samples were arbitrarily assigned categories according 
to population of urban (pop. > 1,000,000) and rural (pop. < 300,000).  A dot-plot of 
the major congeners (47, 99 and 209) and ΣPBDE, as well as BB-153 is presented to 
examine difference in the defined categories  (Note the differences in the 
concentration scales). 
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Figure 4-3  Dot-plot of major PBDE congeners 47, 99, 209, ΣPBDE and BB153 concentration µg kg-1 dry weight 
detected in Australian sewage sludge survey 2006 
 
Cursory examination of the Figure 4-3 suggests that there is no relationship between 
population size and the burden of PBDEs found in sewage sludge.  This is confirmed 
with an analysis of variance (ANOVA) performed using the categorical variables of 
urban and rural.  While the profiles of the dot-plot look similar for congeners 
BDE47,99 compared to BDE209 the range of concentration is far greater.  The 
majority of samples appear to contain BDE47 and 99 less than 200 µg kg-1 whereas 
the concentration of BDE209 is ranges between 0 and 1200 µg kg-1.   
BDE47, 99 & 209 concentrations found in this survey are compared with international 
levels in Figure 4-4 and Figure 4-5.  The concentration of PBDEs appear to be less 
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than those reported in USA but more than those from Europe, with the exception of 
the Spanish study (Fabrellas et al., 2004). 
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Figure 4-4 A comparison of the major PBDE congeners µg kg-1 dry weight BDE47 & 99 from the Australian survey and the English peer reviewed scientific literature.  The graphs 
represent the mean concentration and the error bars express the range reported. 
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Figure 4-5 A comparison of BDE209 µg kg-1 dry weight from the Australian survey and the English peer reviewed scientific literature.  The graphs represent the mean concentration 
and the error bars express the range reported.  NOTE: The concentration of BDE209 (18 632 µg kg-1 d.w.) reported in one sludge from the Spanish survey 2004 was excluded from 
this presentation as it was considered an anomalous sample. 
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Examination of the correlation matrix revealed that there were three primary groups 
of compounds, with correlations high among congeners within groups and low 
between groups.  The first two groups contained congeners that were are 
representative of the pentaBDE and decaBDE formulations.  The basis for group 
separation is that the individual congeners in each group are highly correlated with 
one another; they are the reported constituents of the commercial formulation and are 
present in similar ratios to those reported in the formulations.  The ratio of the 
principal congeners of the pentaBDE formulation BDE 47:99+100:153+154 have a 
ratio of 41:51:8 which is similar to the previously reported ratio of 40:45:6 (Sjödin et 
al., 1998).  The principal congeners of the decaBDE formulation BDE 
209:206+207+208, reported to have a ratio of 97-98:0.3-3 were found in an overall 
ratio of 93:7 in the sludges (Alaee et al., 2003).  
The first two principal components explained 76% of the variation within the sample 
set.  PCA1 was primarily representative of the average concentration of components 
in the pentaBDE formulation (BDE47, 49, 66, 77, 85, 99, 100, 119, 139, 140, 153, 
154) explaining 50% of sample variation and PCA2 corresponded to representative 
congeners of the decaBDE formulation (BDE201, 203, 206, 207, 208 and 209), 
explaining an additional 26% of the sample variation.  The third component explained 
13% of the data variation; however, it was concluded that this component was not 
meaningful, as it corresponded mainly with variation in congeners that were at or 
below their detection limits (BDE171, 180, 184 and 191).  Given the high correlations 
within formulations, the concentration of PBDEs could be reasonably summarised by 
the concentration of three dominant congeners, BDE47 and BDE99 representing the 
pentaBDE formulation and BDE209 representing the decaBDE formulation.  A plot 
of PCA1 vs PCA2 (i.e. pentaBDE vs decaBDE formulations) does not reveal any 
obvious trends, such as associations with size of town (population) or industrialisation 
(Figure 4-6). 
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Figure 4-6 Principal components analysis of PBDE congeners (A) loading plot of PCA2 vs PCA1 and (B) loading 
plot of correlations between congeners 
 
If the PBDEs in sewage sludge were derived mainly from domestic products one 
would expect there would be consistency in the relative concentrations of PBDEs 
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regardless of region.  Using BDE47 and BDE99 as representatives of the pentaBDE 
formulation this proposal is confirmed; the mean of BDE47 and BDE99 is 140 µg kg-
1 dw (sd 110 µg kg-1 dw) and 140 µg kg-1 dw (sd 120 µg kg-1 dw) respectively.  
Therefore it is suggested that the primary source of the pentaBDE formulation in 
Australian sewage sludge is largely domestic.  Concentration of the decaBDE 
formulation, on the other hand is highly variable (mean BDE209 715 µg kg-1 dw, sd 
981 µg kg-1 dw), consistent with previous reports in the scientific literature (Hale, 
2001), suggesting a less uniform source than the domestic environment.  Site specific 
industrial applications could explain the variation observed. 
Among the samples, three are quite unusual.  These are urban WWTPs U5 & U6 and 
rural WWTP R7.  The urban WWTP U5 has an atypically high BDE209 
concentration.  Sewage sludge may be stabilized for biosolids using a variety of 
methods and this elevated concentration may be a result of the method used at this 
WWTP i.e. longer preparation time (three years). Over time there is a loss of  organic 
material which may result in the concentration of the PBDEs on the remaining 
organic material, assuming no losses through biodegradation, physical breakdown or 
atmospheric losses. The other notable feature of the sample from U5 is the low burden 
of the pentaBDE formulation congeners, which suggests losses of these compounds 
due to above mechanisms leaving the BDE209 to accumulate preferentially.  
Similarly, sludges from treatment plants R1 and R8, both lagoon processes that 
degrade organic material over time, have the second and fourth highest ΣPBDE 
concentrations in this study.  Regardless of whether or not BDE209 has been 
concentrated in the samples from U5, its continued elevated concentration in sewage 
sludge that has been aged for three years, contradicts laboratory evidence of the faster 
degradation of BDE209 compared to the other lower brominated congeners (Bezares-
Cruz et al., 2004; Eriksson et al., 2004).  This contradiction over the persistence of 
BDE209 was also found in a 2005 Swedish field trial that showed elevated levels of 
PBDEs, including BDE209 (2 200 µg kg-1 dw compared to the control of 0.75 µg kg-1 
dw) twenty years after the last use of PBDEs at that site, and found no evidence of the 
photodebromination of BDE209 in the soils studied (Sellstrom et al., 2005).  Future 
analysis should also include total organic carbon measurements as well as dry weight 
measurements to enable the concentration of PBDEs to be standardised against total 
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organic carbon.  WWTP U6 is also distinct due to the relatively high composition of 
pentaBDEs to the overall ΣPBDEs. 
Another unusual sample is WWTP R7, which has almost no PBDE burden.  This is an 
anomaly both within the current sample set and the international literature.  If the 
source of pentaBDE formulation congeners is domestic, one would expect there to be 
similar concentrations in all sludges regardless of region of wastewater treatment 
process.  WWTP R7 is a small community that services an abattoir and it is possible 
that this treatment plant processes large volumes of animal waste, which may have 
lowered the PBDE concentration by dilution.  
To provide a context in which to assess the magnitude of these PBDE burdens they 
have been compared to the contamination limits for the polychlorinated biphenyls 
(PCBs).  In Australia, the National guidelines are Contamination Limit 1 of 200 µg 
kg-1 dw (restricted land application) and Contamination Limit 2 of 1 000 µg kg-1 dw 
(unsuitable for land application) (NRMMC, 2004), which are similar to those in 
several European nations (European Commission, 2001).  If it were appropriate to 
translate these guidelines directly from the PCB contamination limits to a PBDE 
contamination limit, then all samples, except WWTP R7, would be unsuitable for 
unrestricted land application. Fifteen of the sixteen samples had a ΣPBDEs greater 
than 200 µg kg-1 dw and seven of the sixteen samples contained ΣPBDEs greater than 
1 000 µg kg-1 dw.  At this time no contaminant limits have been proposed for PBDEs 
and the practice of sewage sludge land application has not stopped in either the USA 
or many other nations despite higher PBDE burdens than those observed in Australia.  
The PBDE levels found in Australian sludges are similar to those found in European 
sludge samples and ten to one hundred times greater than levels of PBDEs in 
European soils; ΣPBDEs 0.065 – 12 µg kg-1 (Hassanin et al., 2004).   If the 
concentration of PBDEs in Australian soils are similar to European levels then it is 
likely that land application of sludge would increase the PBDE burden found in soils.  
The mean concentration of ΣPBDEs in this Australian survey was 1 137 µg kg-1 dw 
(s.d. 1 116).  When comparing the urban mean of 1 308 µg kg-1 dw (s.d. 1 320) and 
the rural average of 911 µg kg-1 dw (s.d. 831) there is little variation and the 
difference is not significant at the 95% confidence level.  The PBDE concentrations 
reported in this study are similar to those reported in the international scientific 
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literature.  Principal components analysis revealed that this data set could be reduced 
to two primary components reflecting the pentaBDE and decaBDE formulations and 
these two formulations can be suitably represented by the dominant congeners 
BDE47, 99 and BDE209 respectively. 
4.3.1 Polybrominated Biphenyls 
The finding of BB153 in all samples was unexpected (mean 0.6 µg kg-1, s.d. 0.5) and, 
as far as is known, there are no industries using the hexabrominated biphenyl 
commercial (hexaBB) formulation in Australia.  In terms of historical use, it is 
unclear whether this compound was ever used in Australia.  The ubiquity of BB-153 
strongly suggests that it was in a common product, such as automobiles or widely 
used domestic products.  However, the use of hexaBB in Australia would be 
surprising considering it was banned from many Western nations in the 1970s 
following the Michigan contamination disaster.  It is likely that BB153 was imported 
in an unknown product or is a by-product of PBDE of other BFR formulations, which 
was commonly used and widely distributed.  A more concerning hypothesis is that 
this chemical is extremely persistent in the environment and has been subject to long-
range atmospheric transport. 
4.3.2 Variation of PBDE Levels Over Time 
An ANOVA was performed on the concentration of the three components BDE47, 
99,209 as well as ΣPBDEs at three WWTPs from the same city (U6, U7 and U8) over 
two years (2005, 2006).  From the correlation matrix (R) and principal components 
analysis previously performed, PBDE congeners were separated into groups that have 
been identified as the pentaBDE and decaBDE formulations.  Given the high 
correlations within formulations, it is appropriate to conduct an analysis of variance 
on just the dominant congeners representative of each viz. BDE47&99 and BDE209.  
ΣPBDEs was also analysed.  Other congeners were measured and the raw data are 
provided in Table 4-9. 
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Table 4-9 Concentration of PBDEs µg kg-1 dry weight in duplicate sewage sludges measured at three WWTPs 
(U6, U7 and U8) in the years 2005 and 2006. 
 U6 U7 U8 
 2005 2006 2005 2006 2005 2006 
BDE 17 3.5 3.9 7.7 7.8 1.1 1.1 0.46  1.6 1.5 1.8 1.9 
BDE 28 + 33 4.6 4.6 4.6 4.5 2 1.7 0.85  4.3 4.7 5.1 5.3 
BDE 47 230 210 200 210 71 64 45  230 240 290 280 
BDE 49 8.4 8 7.7 8.2 2.4 2.5 1.5  6.9 8 8.9 8 
BDE 66 9 6.9 7.4 6.9 2.3 2.4 1.5  6.8 8.4 8.4 7 
BDE 77 0.13 0.1 1 0.16 0.024 0.025 <0.03  0.089 0.071 <0.1 0.092 
BDE 85 12 13 9 8.6 3.6 3.6 1.8  11 13 12 11 
BDE 99 250 300 220 240 110 79 48  260 270 330 300 
BDE 100 50 62 47 48 23 16 9.6  54 56 64 63 
BDE 119 0.54 0.47 0.96 0.43 0.15 0.15 0.11  0.45 0.48 0.46 0.47 
BDE 138 + 
166 3.3 2.8 4.2 2.4 0.81 0.8 1.9  3 3 2.9 2.5 
BDE 153 28 29 23 23 8.8 8.6 4.4  27 29 27 29 
BDE 154 27 25 18 21 7.3 7.6 3.9  24 24 26 23 
BDE 183 16 16 15 11 3.5 3.4 1.9  11 13 10 10 
BDE 184 0.5 0.46 4 0.46 0.14 0.14 0.064  0.41 0.41 0.47 0.35 
BDE 196 5.3 4.6 11 3.8 1.2 1.2 1.6  3.5 3.5 4.5 3.9 
BDE 197 9.5 9.3 12 5.5 1.9 1.9 0.85  6.2 6.1 4.6 4 
BDE 206 36 34 40 20 6.6 7 6  20 25 29 26 
BDE 207 50 42 28 11 7.8 6.6 6.3  23 16 14 11 
BDE 209 810 830 500 560 260 160 130  480 760 950 870 
ΣPBDE 1560 1600 1250 1200 510 370 280  1170 1480 1800 1670 
 
In all three cases there was a significant WWTP by year interaction indicating that 
differences in concentration existed between the WWTPs but the magnitudes of these 
differences varied depending on the year of measurement.  There were also significant 
differences between WWTPs for BDE47.  The concentration of BDE47 was 
significantly lower at U7 (60 µg kg-1) than at the other two plants (U6 213 µg kg-1, U8 
285 µg kg-1) and, while the differences in the concentrations of BDE99, 209 and 
ΣPBDEs are not statistically significant they were also lower at U7, compared to U6 
and U8.  There were no overall significant differences between years or WWTPs for 
either BDE209 or ΣPBDEs. The similar result for BDE209 and ΣPBDEs is not 
surprising as BDE209 is the most abundant congener.  These findings demonstrate 
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that WWTPs from the same city can have varying concentrations of PBDEs.  A more 
comprehensive data set over a longer period of time would improve this analysis. 
4.3.3 Investigating the distribution of PBDEs through an Australian WWTP  
WWTP U7 is located in the city of Perth, Australia, which has a population of 
approximately one and a half million people.  It is a conventional activated sludge 
treatment system that treats approximately 60 ML of water daily that derives 
primarily from domestic (~95%) sources with a small contribution from industrial 
sources (~5%).  The aim of the experiment was to quantify the amount of PBDEs that 
were being released into the environment via secondary and tertiary treated effluents 
as well as the land application of treated sewage sludge as biosolids.  Grab samples 
were collected from the various stages of U7 WWTP and measured for PBDE 
congeners.  Four effluent (raw, primary, secondary and tertiary treated) and three 
sludges (primary, secondary and lime stabilised biosolids) were collected on Monday 
12th November 2007, Thursday 22nd November 2007 and Monday 3rd December 2007.  
All samples were collected between 11am and 1pm, which corresponded to the peak 
water in-flow.  The volumes of water treated, as well as the volumes released into the 
environment via ocean outfall (secondary treated effluent) and used for irrigation 
purposes (tertiary treated effluent) from U7 WWTP are given in Table 4-10.  Five 
passive samplers used to measured the concentration of PBDEs in the aqueous phase 
were also installed for the duration of the experiment (28 days) and were located in 
the raw, primary, secondary and tertiary (duplicate) effluent channels. 
Table 4-10 Volumes of water introduced into the U7 WWTP and released via secondary treated effluent 
(ocean outfall) and tertiary treated effluent (irrigation) mega-litres (ML) 
Sample Label Date Inflow Irrigation Ocean Outfall 
A Monday 12th November 
2007 
60.02 2.0 67.03 
B Thursday 22nd November 
2007 
64.43 1.27 65.75 
C Monday 3rd December 
2007 
61.37 2.2 66.22 
 
A range of PBDE congeners representative of the typical commercial formulation 
were measured and the concentration is given in Table 4-11.  The concentration of the 
effluents is reported in ng L-1 and the sludges is reported in µg kg-1 dw.  The 
suspended solids (SS) for each of the effluents and the total organic carbon (TOC) for 
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each of the sludges were also measured.  The concentrations were standardised to 
compare the PBDE concentration by mass. 
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Table 4-11 Concentration of polybrominated diphenyl ether congeners measured in grab samples (effluent ng L-1, sludges µg kg-1 dw) from each stage of wastewater treatment from U7 
WWTP, Perth, Australia. (A – 12/11/2002, B – 22/11/2007, C – 3/12/2007) 
 Monday 12th November 2007 Thursday 22nd November 2007 Monday 3rd December 2007 
 A1 A2 A3 A4 A5 A6 A7 B1 B2 B3 B4 B5 B6 B7 C1 C2 C3 C4 C5 C6 C7 
 Effluents Sludges Effluents Sludges Effluents Sludges 
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SS mg/L 220 120 5 4    330 230 11 4    320 190 11 11    
TOC g/kg     400 230 390     597 * 221     290 * 410 
BDE17 0.12 0.13 0.043 0.059 0.32 1.5 0.79 0.13 0.13 0.039 0.086 0.17 1.6 0.83 0.099 0.14 <0.05 <0.06 0.2 3.2 0.66 
BDE28+33 <1 <1 <0.5 <0.5 1.3 1.5 0.98 <1 <1 <0.3 <1 0.95 1.8 0.99 <0.9 <3 <0.5 <0.8 0.87 1.8 0.89 
BDE30 <0.04 <0.02 <0.02 <0.02 <0.04 <0.07 <0.02 <0.04 <0.03 <0.02 <0.04 <0.003 <0.01 <0.008 <0.03 <0.06 <0.03 <0.02 <0.05 <0.08 <0.01 
BDE47 17 21 <2 <2 48 39 51 20 15 <2 <4 31 58 39 13 24 <2 <3 39 84 52 
BDE49 0.55 0.61 <0.05 <0.05 1.4 1.3 1.3 0.59 0.43 <0.04 0.089 0.82 1.7 1.2 0.39 0.58 0.056 0.077 1.1 2.8 1.4 
BDE66 0.46 0.53 <0.03 <0.04 1.3 1 1.2 0.51 0.37 <0.04 0.057 0.86 1.8 1.1 0.33 0.49 <0.06 <0.2 1 2.5 1.3 
BDE71 0.035 0.036 0.014 0.016 0.16 0.6 0.37 0.043 0.02 <0.007 0.025 0.065 0.66 0.28 0.016 0.053 0.011 0.024 0.052 1.2 0.33 
BDE77 0.018 0.01 <0.005 <0.008 0.046 0.036 0.041 0.013 0.015 <0.005 0.0048 0.03 0.052 0.035 0.014 0.014 <0.02 <0.01 0.038 0.074 0.044 
BDE85 0.53 0.77 <0.05 <0.04 1.9 1.7 1.7 0.73 0.51 <0.05 <0.08 1.1 2.2 1.4 0.5 0.88 <0.09 <0.07 1.5 3.5 1.9 
BDE99 16 21 <1 <2 51 42 55 19 12 <1 <2 33 63 45 13 19 <2 <2 39 97 53 
BDE100 3.1 3.9 <0.3 <0.3 9.4 8 9.6 3.9 2.6 <0.3 <0.5 6 12 8.4 2.7 3.9 <0.4 <0.4 7.5 18 10 
BDE119 0.035 0.04 <0.02 <0.02 0.074 0.077 0.073 <0.3 <0.2 <0.02 <0.02 0.044 0.1 0.066 0.024 0.03 <0.03 <0.02 0.063 0.16 0.084 
BDE126 0.0034 <0.02 <0.008 <0.01 0.0052 0.0053 0.0047 <0.01 <0.007 <0.008 <0.008 0.0038 0.0074 0.0049 <0.008 <0.01 <0.009 <0.007 0.005 0.018 0.009 
BDE138+166 0.14 0.19 <0.01 <0.04 0.46 0.45 0.5 0.19 0.13 <0.008 <0.007 0.35 0.68 0.49 0.15 0.14 0.024 <0.03 0.33 0.82 0.42 
BDE139 0.24 0.39 <0.01 <0.08 0.7 0.53 0.63 0.22 0.18 0.025 0.03 0.48 0.75 0.55 0.17 0.32 0.025 <0.06 0.44 0.94 0.49 
BDE140 0.061 0.081 <0.01 <0.07 0.2 0.15 0.21 0.05 0.052 <0.01 <0.008 0.11 0.22 0.15 0.045 0.07 <0.03 <0.04 0.13 0.28 0.15 
BDE153 1.5 1.9 <0.1 <0.1 4.7 4 4.8 1.8 1.3 <0.1 <0.2 3.1 6.2 4.4 1.3 1.7 <0.1 <0.1 3.6 8.9 4.7 
BDE154 1.1 1.4 <0.08 0.095 3.5 3.2 3.8 1.3 0.95 <0.09 <0.1 2.2 5.2 3.4 0.96 1.3 <0.1 <0.1 2.6 7.3 3.8 
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Table 4-11 Concentration of polybrominated diphenyl ether congeners measured in grab samples (effluent ng L-1, sludges µg kg-1 dw) from each stage of wastewater treatment from U7 
WWTP, Perth, Australia. (A – 12/11/2002, B – 22/11/2007, C – 3/12/2007) 
 Monday 12th November 2007 Thursday 22nd November 2007 Monday 3rd December 2007 
 A1 A2 A3 A4 A5 A6 A7 B1 B2 B3 B4 B5 B6 B7 C1 C2 C3 C4 C5 C6 C7 
 Effluents Sludges Effluents Sludges Effluents Sludges 
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BDE156+169 <0.04 <0.06 <0.02 <0.07 <0.01 <0.02 <0.02 <0.08 <0.07 <0.02 <0.02 <0.01 <0.02 <0.006 <0.05 <0.04 <0.02 <0.01 <0.008 <0.02 <0.008 
BDE171 <0.06 <0.07 <0.06 <0.02 0.1 0.077 0.087 0.038 0.028 <0.01 <0.009 0.078 0.13 0.078 <0.02 <0.04 <0.06 <0.09 0.09 0.16 0.098 
BDE180 <0.06 0.088 <0.03 <0.02 0.19 0.15 0.16 0.12 <0.04 <0.01 0.017 0.27 0.25 0.19 0.056 0.085 <0.04 <0.05 0.19 0.33 0.19 
BDE183 0.59 0.71 <0.03 <0.04 1.9 1.3 1.6 1.3 0.62 <0.06 0.093 2.9 2.4 2.2 0.39 0.78 0.07 0.041 1.7 3.7 2 
BDE184 0.024 <0.05 <0.004 <0.02 0.08 0.13 0.11 0.024 <0.008 <0.009 <0.009 0.047 0.22 0.12 <0.01 0.024 <0.008 <0.02 0.048 0.26 0.12 
BDE191 <0.03 <0.03 <0.03 <0.02 0.018 0.014 0.016 <0.02 <0.01 <0.01 <0.006 0.014 0.012 0.015 <0.02 <0.02 <0.02 <0.02 0.017 0.021 0.016 
BDE196 <0.2 0.24 <0.2 <0.03 0.91 0.55 1 0.4 0.2 0.024 0.025 0.94 0.9 1.1 0.17 0.29 0.036 <0.1 0.85 1.3 1.3 
BDE197 0.35 0.35 <0.1 <0.02 1 0.88 1.1 0.62 0.29 0.026 0.049 1.5 1.6 1.4 0.22 0.41 0.045 <0.06 0.91 2.3 1.4 
BDE201 <0.1 <0.1 <0.09 <0.02 0.36 0.32 0.38 0.13 0.089 0.011 0.014 0.23 0.38 0.32 0.081 0.11 0.017 <0.05 0.25 0.7 0.45 
BDE203 <0.3 <0.3 <0.2 <0.04 0.95 0.63 0.71 0.44 0.31 0.03 0.031 0.91 0.94 0.84 0.19 0.27 <0.06 <0.1 0.87 1.4 0.69 
BDE204 <0.01 <0.01 <0.1 <0.04 <0.04 <0.05 <0.03 <0.03 <0.01 <0.005 <0.008 <0.06 <0.09 <0.04 <0.005 <0.02 <0.005 <0.06 <0.06 <0.2 <0.05 
BDE205 <0.05 <0.2 <0.2 <0.03 0.024 0.016 0.01 0.015 <0.03 <0.02 <0.02 0.015 0.022 0.013 <0.03 <0.03 <0.06 <0.1 0.015 0.035 0.0094 
BDE206 <3 <2 <0.2 <0.08 11 5.2 6.5 2.5 1.5 <0.1 <0.2 6.7 6.5 5.1 1.5 2.5 <0.2 <0.1 7 11 6 
BDE207 <2 <2 <0.1 <0.09 6.1 3.7 5.6 1.8 1.2 0.11 0.12 3.6 4.8 4.2 0.99 1.8 0.2 <0.07 3.2 6.7 7.4 
BDE208 <0.7 <1 <0.07 <0.04 3.2 1.7 2.4 0.71 0.51 0.06 0.068 1.4 2.2 1.7 0.44 0.72 <0.09 <0.06 1.4 2.9 2.5 
BDE209 <60 <60 <3 <2 260 98 190 47 33 <2 <2 210 150 150 31 42 <4 <1 180 190 150 
ΣPBDE  42 52 0.058 0.17 410 220 340 100 71 0.33 0.71 310 330 270 68 100 0.48 0.14 290 460 300 
PBB153 <0.02 <0.04 <0.007 <0.02 0.25 0.16 0.19 0.11 <0.03 <0.02 0.036 0.23 0.22 0.18 0.038 0.063 <0.03 <0.05 0.23 0.34 0.22 
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PBDE congeners were detected more frequently in the sludges, which reflects their 
low water solubility; log KOW values from 5.74 to 8.27 (Braekevelt et al., 2003).   
 
 
Figure 4-7 Concentration of PBDE congeners in effluents ng L
-1
 (raw water, primary effluent, secondary 
effluent and tertiary effluent) and sludge μg kg-1 dw (primary, secondary and biosolids) from WWTP U7. 
 
A relationship exists between the organic carbon-water partition coefficient, KOC and 
KOW according to KOC = 0.35KOW (Karickhoff, 1981) which indicates their 
preferential binding to suspended organic material and sludges.  The association of 
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the PBDEs congeners with the SS is demonstrated by lower frequency of detection 
and lower concentrations detected as the SS are removed through the treatment 
process, with an average SS load of 290 mg L-1 in the raw water reducing to an 
average of 6 mg L-1 in tertiary treated effluents. 
Given the different units of the effluent and the sludges and the lack of detection of 
many PBDE congeners, PCA was first performed solely on the sludges.  As before, 
covariance PCA of the raw data revealed that there are three dominant congeners, 
explaining over 99% of the sample variation.  These were BDE 209 and the correlated 
congeners BDE 47 & 99 which explained 77.3% and 22.5% of the sample variation 
respectively (Figure 4-8A).  These are the main congeners found in the commercial 
formulations decaBDE and pentaBDE respectively.  The samples were separated 
according to groups and the largest variation was observed for the secondary sludges.  
BDE209 is the principal congeners of PCA1, which draws out the primary sludges 
relative to the secondary sludge and biosolids.  The influence of BDE47&99 is also 
demonstrated for the secondary sludges. 
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Figure 4-8 Principal components analysis (covariance) performed on the sludge samples collected from Subiaco 
WWTP from time periods A, B, C. (A) Score plot of PCA2 vs PCA1.  
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Correlation PCA was performed and the score plot of PCA2 vs PCA 1 and the sludges 
is presented in Figure 4-9A.  Both the correlation PCA and covariance PCA 
demonstrates that the concentration of PBDE congeners taken from the three separate 
sampling events is consistent, with the highest variation found in the secondary sludge 
samples.  Again, the loading plot demonstrates the influence of BDE209, found in the 
highest concentrations in primary sludges (217 µg kg-1 dw), compared to the 
biosolids (163 µg kg-1 dw) and secondary sludge (146 µg kg-1 dw).  (Figure 4-9B). 
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Figure 4-9 Principal components analysis (correlation) performed on the raw concentration data of samples 
collected from Subiaco WWTP from time periods A, B, C. (A) Score plot of PCA2 vs PCA1 and (B) loading plot.  
 
In order to examine the data further the concentration data was manipulated from 
mass/volume to mass/mass by dividing the effluent concentration (ng L-1) by the SS 
concentration (g L-1).  The assumption is that the majority of all PBDEs will be 
associated with the suspended solids in the sample in preference to the aqueous phase 
based upon the high KOC values of the PBDE congeners.  Covariance PCA again 
showed that BDE47&99 and 209 are the dominant congeners, explaining 98% of the 
sample variation, 24 % and 74 % respectively (Figure 4-10). 
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Figure 4-10 Principal components analysis (covariance) performed on the mass standardised samples collected 
from Subiaco WWTP from time periods A, B and C.  
 
The correlation PCA demonstrates that there is a similarity between the PBDE 
concentration patterns in all samples.  The upper left corner appears to have two 
primary effluents removed from the bulk and the bottom reveals that the tertiary and 
secondary treated effluents are being separated.  The loading plot shows two distinct 
groups. Group 1 is the commonly detected compounds at comparatively high 
concentration, while Group 2 is comprised of compounds less frequently detected 
and/or close to the detection limit (Figure 4-11).  
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Figure 4-11 Principal components analysis (correlation) loading plot performed on the mass standardised 
samples collected from Subiaco WWTP from time periods A, B, C. (A) Score plot of PCA2 vs PCA1 and (B) 
loading plot. 
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The concentration of the PBDEs was consistent throughout the WWTP, suggesting 
that there was no degradation of the congeners (Figure 4-12). The concentrations of 
PBDEs were always lower in the secondary and tertiary treated effluents compared to 
the raw water and primary effluent.  This may be because of the reduction in SS and 
also many congeners were not detected, possibly because the limit of detection was 
inadequate.  An analysis of variance was performed (ANOVA) on each of the 
congeners to compare differences between the concentrations of PBDE congeners in 
effluents (raw and primary only) and sludges.  The concentration of BDE47 is 
statistically significantly higher in the effluents compared to the sludges (P = 0.034), 
which was not observed for BDE99 (P = 0.118) or BDE209 (P = 0.410). The ?PBDE 
concentration was also found to have the highest concentration in the primary 
effluent, however there was no statistically significant difference observed between 
effluents and sludges (P=0.608).  This suggests that there was no degradation of 
PBDE congeners through the WWTP process. 
 
Figure 4-12 Bar-chart of the mass standardised mean BDE47, 99, 209 & ?PBDE concentration μg kg-1 dw at the various 
stages of the WWTP (Wastewaters: raw, secondary; Sludges: primary, secondary and biosolids. Error bars represent the 
minimum and maximum concentrations. 
 
The concentration of BDE47 is highest is the primary effluent which suggests that this 
compound is not only associated with the SS but is also dissolved in the aqueous 
phase to a small extent.  This is in contrast to BDE209 that is preferentially 
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partitioning to the SS and sludges with the highest mean concentration observed in the 
primary sludge.  The ratio of BDE47:BDE99 found in the pentaBDE commercial 
formulation is reported to be 0.95:1 (Sjödin et al., 1998).   This is in contrast to the 
ratio that was found in the raw and primary effluent with BDE47 consistently higher 
in concentration than BDE99, with average ratios of 1.06:1 and 1.18:1 respectively. A 
comparison of the change in ratio between BDE47 and BDE99 demonstrated that 
there was a statistically significant difference at the various treatment stages 
(P<0.001).  BDE47 is dissolved in the aqueous phase of the raw and primary effluent 
due to a lower KOW; perhaps due to the association with surfactant, the ratio of 
BDE47:BDE99 increases the relative concentrations in the primary treatment 
compared to the raw water. 
4.3.3.1 Semipermiable membrane device 
It was not possible to provide quantitative data on the concentration of PBDEs in the 
raw water and primary effluent, as there was substantial interference (bio-fouling), 
which prevented the quantification of the performance reference compounds.  The 
major congeners detected in the SPMDs were 17, 47, 99 & 209.  With the exception 
of BDE209, which was not detected in the secondary and tertiary effluents, these 
compounds are detected in all water sampled,  The ratio of the congeners changed 
through the treatment process, with the ratio of BDE47:99 far higher in the secondary 
effluent than in the preliminary or primary effluent. 
The flow-rate of the PBDE congeners was determined based upon the leaching of the 
performance reference compounds (PRCs).  The observed PRC loss correlated to the 
linear uptake phase for PBDEs, and the concentration of PBDEs in the aqueous phase 
was calculated according to N(t) = RSCWt (where N = absorbed amount, RS = water 
sampling rate, CW = aqueous concentration, t = time) (Booij et al., 2002).  The 
concentrations of PBDEs in the aqueous phase of the effluent as determined by the 
SPMDs was higher (ranging between 1.4 and 2.2 ng L-1) than that predicted based 
upon organic carbon-water partition coefficient; BDE47 predicted aqueous 
concentration ranges between 0.1 to 0.4 ng L-1 and was determined by the SPMDs to 
be between 0.8 and 1.2 ng L-1 in secondary and treated effluent. 
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The SPMDs in the raw and primary effluent were severely bio-fouled and therefore 
the flow-rate could not be determined for these locations. The flow-rate is determined 
based upon leaching of PRC and it was determined that the PBDEs were in linear 
uptake.  Therefore the predicted concentration of the PBDEs in the aqueous phase can 
be predicted from the N(t) = RSCWt: where N= absorbed amount, RS = water sampling 
rate, CW = aqueous concentration and  t  = time (Booij et al., 2002).  The 
concentrations of PBDEs in the aqueous phase of the WWTP determined by the 
SPMDs is not quantitative is only suitable for comparison within the experiment.  The 
calculated aqueous phase concentration of the PBDE congeners is presented in Figure 
4-13. 
 
 
Figure 4-13 Aqueous concentration of PBDE congeners ng L
-1
 in secondary effluent (SPMD3) and tertiary 
effluent (SPMD4a, SPMD4b) determined by passive samplers deployed at WWTP U7 for 29 days. 
 
The organic carbon-water partition coefficient (KOC) can be employed to calculate the 
predicted concentration of the BDE congeners within the aqueous phase.  No 
measurements of the organic carbon content of the suspended solids were made; 
therefore, the predicted aqueous concentrations were calculated based upon a range of 
organic carbon contents ranging between 10 and 60 % of the SS (Figure 4-14).   
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Figure 4-14 Predicted concentration of BDE17, 47 & 99 in the raw effluent (A1) calculated from the organic 
carbon-water partition coefficient using a range of 10 to 60 percent organic carbon of the suspended solids 
 
The predicted concentration of BDE47 in the aqueous phase of the raw effluent 
ranges between 0.1 to 0.4 ng L
-1
 for organic carbon SS contents of 60 to 10% (Figure 
4-14), which is considerably lower than the concentrations determined by the SPMDs.  
The ratio of congeners 47:99 was different between the calculated aqueous phase 
concentration (3.8) and those determined experimentally by the SPMDs (2.3 – 2.9).  
Assuming a high organic carbon content at this stage of the treatment process the 
concentration of BDE47 will be less than 0.15 ng L
-1
 which is less than the observed 
increase of BDE47 relative to BDE99 found in the raw effluent A1.  The ratio of 
BDE47 to 99 is consistent with the commercial formulation in all the sludge samples.  
Evidence of the lower brominated congeners dissolved in the aqueous phase is also 
provided by the passive samplers (Figure 4-13).  The ratio of BDE47 to 99 is not 
consistent with the commercial formulation, with BDE47 present at between two and 
three times that of BDE99, reflecting this BDE47 higher solubility. 
The major congeners (17, 47, 99 & 209) are detected in both the raw effluent and the 
primary effluent.  With the exception of BDE209 these compounds are detected in all 
water sampled, which is not detected in the secondary and tertiary effluents.  The ratio 
of the congeners changed through the treatment process, with the ratio of BDE47:99 
far higher in the secondary effluent than in the preliminary or primary effluents.  
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Covariance PCA of the PBDE concentrations in the passive samplers showed that 
along with BDE47, 99 and 209, BDE17 was also a dominant congener.  The loading 
plot of correlation PCA found that the BDE weren’t all correlated and are related 
according to solubility and KOW values (Figure 4-15).   
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Figure 4-15 Principal components analysis of PBDE concentration in passive samplers located in various 
locations at Subiaco WWTP; raw, primary, secondary and tertiary effluents. 
 
4.3.3.2 Environmental Release 
Calculation of typical quantities of PBDEs associated with each phase was calculated 
using the daily averages from the 2007; in-flow of 60.5 ML day-1 with an average SS 
of 340 mg L-1, biosolids of 22 000 kg dw, secondary outflow of 66.3 ML day-1 and 
tertiary outflow of 1.82 ML day-1 (C. Camplin - Process Technical Officer 2008).  It 
has been calculated that 4.9 g PBDEs enter the WWTP daily, or 1.8 kg annually.  It is 
estimated that the total amount of PBDEs that are released into the ocean is 6.9 g per 
year (secondary effluent).  This compares extremely well to US reports of PBDE 
levels up to 900 g being released per day into the surrounding ocean (North, 2004).  
The annual release of PBDEs was largely associated with biosolids ( > 99 %) and it is 
estimated that 7.6 kg are disposed of in this manner, which is higher than the 
calculated PBDEs in-flow.  It is estimated that Australia produces 3.6 × 108 kg of 
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sewage sludge annually (Gale, 2007).  It is reasonable to assume that the PBDE 
burden at this WWTP derives primarily from domestic sources and therefore is the 
minimum burden of PBDEs in Australian sewage sludge.  Assuming that all sludge in 
Australia carry a similar burden of PBDEs equal to or greater than that observed 
(mean ΣPBDE sludge concentration of 303 µg kg-1 dw), then the amount of ΣPBDE 
associated with Australian sewage sludges annually is at least 110 kg, which is similar 
to the German annual estimate of 500 kg (Knoth et al., 2007) on a population basis. 
 
Table 4-12 Amounts of Total PBDEs (kilogram) that are released into the 
environment via secondary treated ocean outfall, tertiary treated 
irrigation water and biosolids based upon grab samples 
Sample location Sample Daily Yearly 
Secondary Effluent A3 
B3 
C3 
4 × 10-6 
20 × 10-6 
30 × 10-6 
 
 mean 20 × 10-6 7.3 × 10-3 
Tertiary Effluent A4 
B4 
C4 
0.3 × 10-6 
0.9 × 10-6 
0.3 × 10-6 
 
 
 mean 0.5 × 10-6 0.2 × 10-3 
Biosolids A7 
B7 
C7 
20 – 31  × 10-3 
16 – 24  × 10-3 
18 – 27  × 10-3 
 
 mean 18 – 27  × 10-3 6.5 – 9.9 
 
4.4 CONCLUSION 
The survey of Australian sewage sludge in 2006 found the ΣPBDE mean 
concentration to be 1 137 µg kg-1 d.w. (s.d. 1 116), with little difference between the 
urban (mean 1 308 µg kg-1, s.d. 1 320) and the rural (mean 911 µg kg-1, s.d. 831) 
samples.  The PBDE levels in Australian sewage sludge reported in this study are 
similar to PBDE levels reported in the international scientific literature.  Fifteen of the 
sixteen samples contained ∑PBDE greater than 200 µg kg-1 and seven were higher 
than 1 000 µg kg-1 (Australian guidelines values for ΣPCBs in sewage sludge land 
application).  The PBDE burden found in Australian sludge is far higher than the 
levels reported in European soils.  If Australian soils have a similar PBDE burden to 
European soils, then sludge land application is likely to increase the PBDE levels in 
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soil.  The development of guidelines that estimate the risk of PBDEs in sewage sludge 
land application, taking into account typical PBDE concentration in Australian soils, 
should be developed.   
The concentration of PBDE congeners was measured at each stage of WWTP U7.  
This included four effluent samples (raw, primary, secondary and tertiary effluent) 
and three sludges (primary, secondary and lime stabilised biosolids).  The PBDE 
burden was greatest in the sludges compared to the effluents containing over 99% of 
the PBDEs in the system.  The PBDE congeners concentrations were highly 
correlated, suggesting a similar origin. In this case the PBDEs are thought to be from 
domestic sources and this is consistent with the known source of the wastewater.  
Therefore the concentration of PBDEs measured is likely to be the minimum PBDE 
burden for all sewage sludge throughout Australia which is 303 µg kg-1 dw, which 
corresponds to at least 110 kg of PBDEs contaminating Australian sewage sludge 
annually.  This is less than 0.04 % of the total PBDEs important into Australian in 
1998/99 (Figure 4-2).  This is It is estimated that 7.6 kg of PBDEs are disposed of 
each year with biosolids generated from U7 WWTP and less 10 g are disposed of via 
the ocean outfall and field irrigation annually. 
Both the pentaBDE and decaBDE formulations appear to go through the WWTP 
system unchanged.  The concentration of pentaBDEs was found to be fairly consistent 
in concentration in the sludges surveyed, suggesting domestic sources, whereas the 
decaBDE formulation was found to be variable, which is best explained by different 
industrial inputs.  Further research is suggested to clarify the sources of these 
compounds in WWTPs.  
The finding of BB153 in all samples analyzed as part of this survey is unexpected.  
The results further demonstrate that PBBs are extremely environmentally persistent 
and that they are not only capable of long-range atmospheric transport, but are also 
now widely distributed within the Australian environment.  The concentrations of 
PBBs in sewage sludge are not high, however, they are rarely analysed, detected or 
reported in the international scientific literature due to a phasing out of these 
compounds in 1970s.  
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C H A P T E R  5   
 Organochlorine Pesticides and 
Polychlorinated Biphenyls 
 
 
 
 
“The contamination of PCB in nature, and concentration in the food chain was first 
identified in 1966 by S. Jensen.  The accumulation of PCB is shocking.  While the 
accumulation of nature by PCB was not detected until 1966, the accumulation of DDT in 
nature was first recognized in the 1950’s.  The concentration of PCB was something of a 
surprise that was intended for internal industrial use and enters nature through the “back 
door”, i.e. with the emission of industrial smoke and sewage water. A valuable medium in 
an objective investigation of environmental pollutants might be digested sludge from 
sewage treatment plants.”  
(Jensen, 1972) 
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5.1 INTRODUCTION 
The development of organochlorine compounds (OCCs) was one of the great 
technological innovations of the twentieth century.  The use of these chemicals improved 
our quality of life by incorporation into important electrical infrastructure and in their use 
as pesticides that ensured a regular supply food and protection against insect carrying 
disease.  However, they also changed our relationship with our surrounding environment.  
Rather than being at the mercy of Mother Nature, humanity could exercise some control 
in its own destiny.  We finally had effective weapons to prevent or contain infectious 
diseases carried by insects that could be fatal to humans.  This may explain why the 
organochlorine pesticides (OCPs) were often used with reckless abandon. While the 
consequences of using OCCs, i.e. the accumulation in fat reserves of almost all living 
creatures on this planet was almost completely unpredictable, the widespread 
environmental contamination should not have been. The OCCs, once a testament to our 
ingenuity, now represent more than their chemicals or their function, they represent the 
attempted submission of nature by man and an unintended contamination of the global 
environment.  Due to the persistence of many OCCs and their potential to impact upon 
human and wildlife health (i.e. carcinogens, endocrine disruptors) international treaties 
have been developed to prevent further environmental contamination. Despite restrictions 
for use in many Western nations, many OCCs and their breakdown products are still 
detected in many environmental compartments, including humans throughout the world 
(Erickson, 1997; Zitko, 2003).  
The term ‘organochlorine pesticides’ (OCPs) refers to all chlorine-containing organic 
compounds used for pest control.  The term includes a broad range of substances and is 
not confined to compounds of any single and specific type of chemical structures or 
organic functional group.  According to Patnaik (1997) the grouping together of these 
compounds is more or less based on the similarity in their chemical analysis. OCPs are 
considered to be the second generation of pesticides that took over from the early first 
generation of insecticides produced from inorganic compounds such as arsenic, lead, 
copper, and sulphur in the 1940s (Chenier, 2002) and the most famous of these, DDT, 
was found to be remarkably active against a number of insect pests. Ironically, one of the 
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valued properties of DDT was its persistence as there was no need for frequent 
applications.  DDT became the prototype OCP from which other more toxic pesticides 
where developed i.e. aldrin, dieldrin, lindane, chlordane and heptachlor.  Many 
commonly past used OCPs are no longer used because of their harmful effects on human 
health and contamination of the global environment and all are now banned for use 
within Australia (DEH, 2006). 
Commercial production of PCBs began in the USA in 1929.  The chemical and physical 
stability of PCBs, their electrical resistance, low volatility and resistance to degradation at 
high temperatures were their commercially valued properties.  The commercial product(s) 
were a complex mixture, used for a variety of purposes, but most commonly in dielectric 
fluids in capacitors and transformers. PCBs are now ubiquitous environmental pollutants, 
occurring in human and animal tissue, and most environmental compartments.  Even 
though PCB production has been banned in most countries since the 1970s and 1980s, it 
is estimated that over 1 million tonnes of PCBs have been generated and about one third 
of this quantity is thought to be circulating in the environment (Birkett, 2003). The 
discovery of the bioaccumulation of PCBs in the 1960s greatly added to our 
understanding of POPs. 
This chapter will focus on OCCs in Australian sewage sludge.  A comprehensive 
literature review of OCCs in international sewage sludge is presented, detailing the 
typical concentrations and trends observed internationally.  This research has focussed on 
a small subset of OCPs which includes aldrin, chlordane, dieldrin, hepatchlor, 
hexachlorobenzene (HCB) and lindane.  An important distinction OCPs and PCBs is their 
release into the environment.  OCPs were deliberately released into the environment, 
whereas for the most part, PCBs never were.   
5.1.1 Chemical Properties 
Presented is an introduction to the OCCs, its uses, a brief history, its chemical properties 
and make-up and the trade names that the formulations have been manufactured.  Many 
of these pesticides are characterized as UNEP POPs. 
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5.1.1.1 Organochlorine Pesticides 
A summary of the production of OCPs and PCBs are presented within Table 5-1.  The 
chemical properties of the selected OCPs are provides in Table 5-2 and the chemicals 
structures are presented in Figure 5-1.  
Table 5-1 Production of selected organochlorine pesticides and PCBs, estimated in 1995. 
Compounds Current Production 
(tonnes/year) 
Cumulative Production 
(tonnes) 
Reference 
DDT 40,000 – 50,000 2,800,000 to 3,000,000 (Voldner & Li, 1995; 
Connell et al., 1999) 
Hexachlorobenzene (HCB) No reliable records 100,000 – 200,000 (Voldner & Li, 1995; 
Connell et al., 1999) 
Chlordane No reliable records 150,000 (Connell et al., 1999) 
Hexachlorocyclohexanes > 40,000 550,000 (Voldner & Li, 1995) 
Lindane 8,300 720,000 (Voldner & Li, 1995) 
PCBs No reliable records, but 
believed to be minimal 
1,200,000 (Connell et al., 1999) 
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Table 5-2 Chemical properties of some persistent organochlorine pesticides 
 p,p-DDT p,p-DDE DDD Aldrin Dieldrin Chlordane Heptachlor HCB Lindane 
CA RN 50-29-3 72-55-9 72-54-8 309-00-2 60-57-1 57-74-9 76-44-8 118-74-1 58-89-9 
Empirical Formula C14H9Cl15 C14H9Cl15 C14H9Cl15 C12H8Cl16 C12H8Cl16O C10H6Cl18 C10H5Cl17 C6Cl6 C6H6Cl6 
MW 355 318 320 365 381 409.83 373.34 284.81 288 
Mp (°C) 109 89 109 104-104.5 175-176 104-107 95-96  226 112.8 
Vapour Pressure 
mPa 20°C 
0.03 0.87 0.18 3.07  0.02  1.30 0.40  1.45  4.34 
Water Solubility 
µg.L-1 
1.2 – 5.5  11 45  27  140 56 180 50 7000 
Water Solubility 
mol.L-1 
3.38 × 10-9 – 
1.55 × 10-9 
3.46  × 10-8 1.41 × 10-7 7.40 × 10-8 3.67 × 10-7 1.37 × 10-7 4.82 × 10-7 1.75 × 10-7 2.43 × 10-5 
Henry’s Law 
constant, 
Pa.m3.mol-1 
1.80  25.0 1.28   10.7 1.13 4.86 233 719  
log KOW 6.19 7.0 6.02 5.30 3.69 – 6.2 4.58 – 5.57 4.4 3.93 – 6.42  3.8 
A Data sourced from United Nations (UNEP Chemicals, 2003) and Environmental Health Monographs 
B Reproduced from “Chlorinated Pesticides: Aldrin, DDT, Endrin, Dieldrin, Mirex” (Zitko, 2003) 
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Figure 5-1 Chemical structure of common organochlorine pesticides (A) aldrin (B) chlordane (C) dieldrin (D) heptachlor (E) hexanchlorobenene (HCB) (F) lindane; the 
DDTs (G) dichlorodiphenyltrichloroethane (p'p-DDT) (H) DDD (I) DDE and (J) polychlorinated biphenyls (PCBs; x + y = 1 to 10) 
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5.1.1.1.1 DDT & Metabolites (DDD, DDE) 
DDT was first synthesized in 1874 by German scientist Othmar Zeidler, but it wasn’t 
until 1939 that the Swiss scientist Paul Muller discovered DDT’s powerful insecticidal 
properties (IPCS, 1979).  Towards the end of World War II, DDT was used with great 
effect to combat mosquitoes spreading malaria, typhus, and other insect-borne diseases 
among both military and civilian populations for which he was awarded a Nobel Prize in 
Physiology and Medicine in 1948.  The large-scale industrial production started in 1944 
in England and in the United States and widespread agricultural use dates from 1946 in 
the USA and slightly later in most other countries.  Voldner et al. (1995) estimated that 
the global usage of DDT to 1993 was 1,500,000 tonnes, and estimated that 2,600,000 
tonnes have been produced.  Unlike the USA whose peak DDT usage occurred in the 
sixties (Zitko, 2003), Australian’s peak DDT importation occurred in the seventies (3.5 
tonnes) and by 1988 the importation of this pesticide had almost ceased (Connell et al., 
2002).  DDT is still produced in the USA, France and India (Zitko, 2003). 
DDT is an acronym for dichlorodiphenyltrichloroethane and is the prototype of broad 
action, persistent insecticides.  Its forms two metabolites 1,1'-(2,2-dichloroethylidene)- 
bis(4-chlorobenzene) (DDD) and the environmentally persistent 1,1'-(2,2-dichlor-
ethenylidene)-bis(4-chlorobenzene) (DDE).  Technical DDT has been formulated in 
almost every conceivable form including solutions in xylene or petroleum distillates, 
emulsifiable concentrates, water-wettable powders, granules, aerosols, smoke candles, 
charges for vaporizers, and lotions.  Aerosols and other household formulations are often 
combined with synergized pyrethrins.  When used as a drug, DDT is called Clofenotane 
(INN) or Dicophane (British Pharmacopoeia), Klorfenoton (Swedish Pharmacopoeia), 
Chlorophenothane (United States Pharmacopoeia) (IPCS, 1979). DDT was introduced 
into Australian agriculture in the 1950s.  There has been a total ban on the use of DDT in 
Australia since 1987.  DDT breaks down to form DDD and DDE, both of which are 
environmentally persistent (Anonymous, 1997; DEH, 2006).  
Trade Names: Includes Anofex, Cezarex, Dinocide, Gesarol, Guesapon, Guesarol, 
Gyron, Ixodex, Neocid, Neocidol, and Zerdane (IPCS, 1979). 
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5.1.1.1.2 Aldrin & Dieldrin   
Dieldrin and aldrin are the common names for the chemicals 3,4,5,6,9,9-Hexachloro-
1a,2,2a,3,6,6a,7,7a-octa-hydro,3-3,6-dimethanonaphth[2,3-b]-oxirene and 1,2,3,4,10,10-
Hexachloro-1,4,4a,5,8,8a-hexahydro-exo-1,4-endo-5,8-dimethanonaphthalene 
respectively.  They are similar compounds and both are based upon naphthalene.  Pure 
aldrin is a colourless crystalline solid.  Technical aldrin, containing ~90% aldrin, is tan to 
dark with a mild chemical odour.  Aldrin is not toxic to insects, it is oxidised in the insect 
to form dieldrin, which is the active compound. Aldrin is not environmentally persistent 
and is readily converted to the epoxide, dieldrin.  Technical dieldrin (95%) was created 
due to the high volatility of aldrin (vapour pressure with 0.02 and 3.07 mPa respectively) 
and consists of light tan flakes with a mild odour.  Both dieldrin and aldrin of KOWs 
values of  3.69 – 6.2 and 5.3 respectively, but difference between the two can be observed  
Dieldrin was originally produced in 1948 by J. Hyman & Co, Denver, as an alternative 
insecticide to DDT.  Aldrin was primarily used against insects in soil such as termites and 
grasshoppers, where it was effective at rates considerably lower than those of DDT. 
Dieldrin resulted from an attempt to make aldrin less volatile (Zitko, 2003).   Dieldrin 
proved to be a highly effective insecticide and was very widely used during the 1950s to 
early 1970s.  Dieldrin was used on crops and their foliage, in addition to soil and seed 
dressing applications, both at considerably lower rates than those of DDT.  Dieldrin was 
also very effective against ectoparasites of cattle and sheep, as well as for mothproofing 
fabrics (Zitko, 2003).  In the UK the extensive use of aldrin and dieldrin started in 1956.  
By the early 1960s, mortalities of birds associated with seeds treated with aldrin or 
dieldrin were observed.  Aldrin and dieldrin have not been produced in the USA since 
1974; their application as termiticides has been voluntarily cancelled in 1987 and it 
appears that they are no longer produced anywhere in the world (Zitko, 2003).  
Aldrin was manufactured in Australia between 1950 and early 1970s to control soil pests 
such as corn rootworm, wireworms, rice water weevil and grasshoppers. Prior to its 
banning in 1992, aldrin was widely used as a termiticide in domestic premises (wooden 
structures) and was widely used in agriculture within Australia.  Aldrin breaks down 
extremely quickly to form the more stable dieldrin.  Dieldrin, first produced in Australia 
Chapter 5 
- 152 - 
in 1948 and its applications includes the control of insects such as corn rootworms, 
wireworms and cutworms.  In Australia dieldrin was widely used in agriculture and as a 
termiticides in domestic premises until its ban in 1992 (NHMRC, 1993; Anonymous, 
1997; DEH, 2006). 
Trade Names: Aldrin – ENT 15 949 (compound 118), HHDN, Octalene, OMS 194; 
Dieldrin –  ENT 16 225 (compound 497), HEOD, Alvit, Octalox, OMS 18, Quintox 
(IPCS, 1989b). 
5.1.1.1.3 Chlordane & Heptachlor 
Chlordane (1,2,4,5,6,7,8,8-Octachloro-2,3,3a,4,7,7a-hexahydro-4,7-methano-1H-indene) 
is a viscous, clear to amber-coloured liquid with a chlorine like odour.  Technical 
chlordane is a mixture of at least 26 different components.  Its main components are the 
chlordane isomers (α, γ) but includes other chlorinated hydrocarbons and other by-
products (IPCS, 1984a). 
In Australia, chlordane was primarily used as an insecticide for control of cockroaches, 
ants, termites, and other household pests since 1945.  Technical chlordane is a mixture of 
at least 120 compounds. The use of chlordane as a termiticide continued until June 1995 
except in the Northern Territory where use continued until October 1997 (NHMRC, 
1993; Anonymous, 1997; DEH, 2006). 
Trade Names: Belt, Chlor Kil, Clordano, Chlortox, Corodane, Gold Crest C-100, Kilex, 
Lindane, Kypchlor, Niran, Octachlor, Synklor, Termex, Topiclor 20, Toxichlor, and 
Velsicol 1068 (IPCS, 1984a). 
Heptachlor (1,4,5,6,7,8,8-Heptachloro-3a,4,7,7a-tetrahydro-4,7-methano-1H-indene) is a 
white or light tan crystalline solid with a mild camphor or cedar-like odour.  Technical 
heptachlor is a soft wax that contains ~72-74% heptachlor as well as ~20-25% chlordane 
isomers.  Heptachlor is fairly stable to light and moisture and it is not readily 
dechlorinated (IPCS, 1984b). Heptachlor was widely used in the past to kill insects.  The 
US EPA has banned the sale of heptachlor products in the United States and virtually 
eliminated its use for any purpose.  
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Heptachlor is used primarily against soil insects and termites, but also against cotton 
insects, grasshoppers and malaria carrying mosquitoes.  Heptachlor epoxide is a more 
stable breakdown product of heptachlor. In Australia the use of heptachlor as termiticides 
continued until June 1995, except in the Northern Territory where its use was continued 
until October 1997 (NHMRC, 1993; Anonymous, 1997; DEH, 2006). 
Trade Names: Biarbinex, Cupincida, Drinox, E 3314, Fenotox, Hetapgran, Heptamul, 
Heptox, Termide, and Velsicol 104 (IPCS, 1984b). 
5.1.1.1.4 Hexachlorobenzene 
Hexachlorobenzene (HCB) was used for use on seed grains, such as wheat, barley, oats 
and rye.  HCB also occurs as an industrial waste product in the manufacture of chlorine, 
various chlorinated solvents, pesticides and metallurgy.  HCB is also a contaminant in the 
herbicide dachthal and the fungicide pentachloronitrobenzene (PCNB), up to 10% 
(Courtney, 1979).  HCB is a colourless crystalline solid at room temperature.  It is 
practically insoluble in water, but it is highly lipid-soluble and bio-accumulative. 
Technical grade HCB contains up to 2% impurities, most of which is 
pentachloronitrobenzene (PCNB) and the remainder includes the higher chlorinated 
PCDD/Fs and PCBs.   
Hexachlorobenzene (HCB) is a fungicide that was first introduced in 1945 for seed 
treatment, especially for control of bunt in wheat.  In 1972 the fungicide HCB was 
withdrawn from use in Australia and prohibited but was still produced as an industrial by-
product in chemical manufacture (Connell et al., 1999).  High levels of HCB were found 
in sediment (mean of 871 µg kg-1 dw) offshore from a Sydney sewage outfall, which 
contains a proportion of industrial waste (Mortimer & Connell, 1995).  These do not 
appear to originate from pesticide usage, but rather chemical manufacturing and storage 
of HCB containing wastes. 
(Anonymous, 1997; DEH, 2006). 
Trade Names:  Anticarie, Bentcure, Bent-No-more, Ceku C.B., Granero, No Bunt, 
Perchlorobenzene, and Res-Q.  
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NOTE: This compound should not be confused with hexachlorocyclohexane (HCH), 
which has historically been referred to benzene hexachloride and is also commonly 
known as lindane. 
5.1.1.1.5 Hexachlorocyclohexanes (Lindane) 
Lindane is a trade name for the gamma isomer of hexachlorocyclohexane (γ-HCH).  
Technical grade HCH consists of 65-70% α-HCH, 7-10% β-HCH, 14-15% γ-HCH, and 
approximately 10% of other isomers and compounds.  Lindane contains > 99% γ-HCH,  
is solid, has a low vapour pressure and is poorly soluble in water (IPCS, 1991). 
Lindane (γ-HCH) has been used in agriculture and in pharmaceutical products.  Lindane 
has been used as a broad-spectrum insecticide since the early 1950s for agricultural and 
non-agricultural purposes, which include treatment of seeds and soil, application on trees, 
timber and stored materials, treatment of animals against ectoparasites and in public 
health for the treatment of head-lice and scabies (IPCS, 1991). 
There are two principle formulations:  “technical HCH”, which is a mixture of various 
isomers, including α-HCH (55-80%), β-HCH (5-14%) and δ-HCH (8-15%), and 
“lindane” (γ-HCH), which is essentially pure γ-HCH.  Historically, lindane was one of 
the most widely used insecticides in the world.  Discovered in the early 1940s,  It controls 
a wide range of sucking and chewing insects and has been used for seed treatment and 
soil application, in household biocidal products, and as textile and wood preservatives.  In 
Australia, lindane was de-registered for general use in 1985 (Anonymous, 1997; DEH, 
2006). 
Trade Names:  Include Agrocide, Ambrocide, Aparasin, Aphitiria, Benesan, Benexane, 
benhexachlor, benzene hexachloride, BHC, Borekill, Boerer-Tox, Exagama, Gallogama, 
Gamaphex, gamma-BHC, Gamme-Col, gamma-HCH, Gammex, Gammexane, Gamasan, 
Gexane, hexachlorcyclohexane, HCH, Isotox, Jacutin, Kwell, Lindagronox, Lindaterra, 
Lindatox, Lintox, Lorexane, New Kotol, Noviagam, Quellada, Steward, Streunex, and 
Tri-6 (IPCS, 1991). 
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5.1.1.2 Polychlorinated Biphenyls 
Monsanto Corporation (St. Louis, MO) was the major producer of PCBs from 1930 to 
1977.  They were marketed under the trade name Arochlor®.  PCBs were also 
manufactured in Europe and Japan, under such trade names as ‘Phenochlor’ and 
‘Clophen’ (Gustafson, 1970).  The various Arochlors are differentiated by a four-digit 
number, with the last two digits indicating the percentage (by weight) of chlorine in the 
mixture (Gustafson, 1970).  Arochlors were marketed for use in transformers, capacitors, 
printing inks, paints, de-dusting agents, pesticides, and many other applications 
(Erickson, 1997).  Open-ended applications have included automobile brake fluids, clutch 
and brake linings, inks, paints, ironing board covers, plastics and paints and these have 
resulted in widespread, low-level releases to environmental compartments.  Closed and 
controlled application has included use as dielectrics within electrical equipment, 
providing fireproof insulation between coils or plates conducting electricity.  Spills, 
improper handling, or improper disposal can and have resulted in environmental releases. 
There are a total of 209 PCBs congeners.  When PCBs are subdivided by degree of 
chlorination, the term homolog is used, e.g., the trichlorobiphenyl homolog.  PCBs of a 
given homolog with different chlorine substitution position are called isomers or 
congeners Table 5-3.  The appearance of PCBs ranges from clear mobile oils to light 
yellow, sticky, solids resins (Pal et al., 1980). 
Chapter 5 
- 156 - 
Table 5-3 Composition of chlorinated biphenyls by homolog 
Empirical formula Base molecular 
weightA 
Mean molecular 
weightB 
Chlorine (%) No. of congeners 
C12H10 154.1 154.2 0 1 
C12H9Cl 188.0 188.7 19 3 
C12H8Cl2 222.0 223.1 32 12 
C12H7Cl3 256.0 257.6 41 24 
C12H6Cl4 289.9 292.0 49 42 
C12H5Cl5 323.9 326.4 54 46 
C12H4Cl6 357.8 360.9 59 42 
C12H3Cl7 391.8 395.3 63 24 
C12H2Cl8 425.8 429.8 66 12 
C12HCl9 459.7 464.2 69 3 
C12Cl10 493.7 498.7 71 1 
A Based on 35Cl (atomic weight 34.969), 12C (Atomic Weight 12.000), and 1H (atomic weight 1.0079).  
Corresponds to the lowest mass in the molecular cluster of the mass spectrum 
B Based on natural isotopic abundance of carbon, chlorine, and hydrogen 
Reproduced from “Analytical Chemistry of PCBs” (Erickson, 1997) 
 
The three most important physical properties of the PCBs are low vapour pressure, low 
water solubility (both decreasing with increasing chlorination), and high dielectric 
constants (IPCS, 1976).  The log KOW ranges from 4.3 – 8.3 and has bio-concentration 
factors (BCF) of 1000 – 1.0 × 107.  They are miscible with most organic solvents and 
compatible with many types of polymers.  The chemical properties that make PCBs 
desirable industrial materials are their excellent thermal stability, their strong resistance 
to both acidic and basic hydrolysis, and their general inertness.   With increasing 
chlorination of 18.6 – 80 % these properties are accentuated.  Table 5-4 present the 
physical properties of PCB homologues. 
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Table 5-4 Physical properties of PCB homologues 
Hologue Melting 
Point°CA 
Boiling 
Point°CA 
Vapour 
pressure (Pa) 
at 25°C 
Water 
Solubility at 
25°C (g L-1) 
Log KOW BCFB 
Biphenyl 71 256 4.9 9.3 4.3 1000 
MonoCB 25-77.9 285 1.1 4.0 4.7 2500 
DiCB 24.4-149 312 0.24 1.6 5.1 6300 
TriCB 28-87 337 0.054 0.65 5.5 1.6 × 104 
TetraCB 47-180 360 0.012 0.26 5.9 4.0 × 104 
PentaCB 76.5-124 381 2.6 × 10-3 0.099 6.3 1.0 × 105 
HexaCB 77-150 400 5.8 × 10-4 0.038 6.7 2.5 × 105 
HeptaCB 122.4-149 417 1.3 × 10-4 0.014 7.1 6.3 × 105 
OctaCB 159-162 432 2.8 × 10-5 5.5 x 10-3 7.5 1.6 × 106 
NonaCB 182.8-206 445 6.3 × 10-6 2.0 x 10-3 7.9 4.0 × 106 
DecaCB 305.9 456 1.4 × 10-6 7.6 x 10-4 8.3 1.0 × 107 
Many values are approximations of the range across the isomers 
A Average properties of all isomers in group 
B BCF – Bio-concentration Factor  
Reproduced from “Analytical Chemistry of PCBs” (Erickson, 1997) 
 
In Australia, PCBs were mainly used in electrical components as insulators, heat transfer 
or hydraulic fluids. Background exposure is mainly from food, although intake from this 
source has been declining since restriction of PCBs in the 1972 (Anonymous, 1997; 
DEH, 2006). 
Trade Names: Phenchlor and Pyralene (France), Clophen (Germany), Kanechlor and 
Santotherm (Japan), Fenclor (Italy), Sovol (USSR), and Chemko (Czechoslovakia) (Pal 
et al., 1980). 
5.2 ORGANOCHLORINE COMPOUNDS IN SEWAGE SLUDGE 
There is a large amount of research investigating OCPs in environmental compartments, 
but there are few studies focussing on typical levels and trends in sewage sludge.  There 
has been no review undertaken on this subject internationally and in Australia, no 
research on this subject has been published.  In contrast PCBs have been the subject of 
much research internationally and has primarily focused on the risk of sewage sludge 
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land application of biosolids.  This review will examine articles that have been published 
within English language peer-reviewed scientific journals.   
5.2.1 Historical Levels of Organochlorine Compounds in Sewage Sludge 
5.2.1.1 Organochlorine Pesticides 
The concentration of OCPs in sewage sludge has been reported from the USA, the UK, 
Sweden, Italy, Greece and recently, China.  This is the first large scale study of OCPs in 
Australian sludges and there have been no previous reports on typical OCPs levels and 
trends in Australian sludges.  The analysis of organic pollutants in sewage sludge is 
enormously challenging and the method requires an appropriate extraction, clean-up and 
quantification technique, each of which has evolved and improved through the years. The 
earlier studies utilized packed column chromatography (lower resolution) and this 
method later replaced with capillary column chromatography, or sometimes referred to as 
High Resolution Gas Chromatography (HRGC).  Similarly, the non-specific detector, 
electron capture detector (ECD) was replaced in later studies with mass spectrometry 
which allows the analyst greater confidence in the identity of the analyte.  These 
advances aided researchers to achieve lower detection levels and greater levels of 
precision.  However, there is less confidence as to the accuracy of the earlier studies that 
were cutting edge at the time but have often not employed appropriate quality control 
measures. 
McIntyre et al. (1982) was one of the first researchers to report the concentrations of 
DDE, dieldrin and lindane in UK sewage sludges (n=40) internationally.   DDE was 
detected was detected in all samples (0.01 – 0.49 mg kg-1 dw; mean 0.04), but dieldrin 
and lindane weren’t.  While dieldrin and lindane were less frequently detected, the 
maximum concentrations of dieldrin and lindane were slightly higher than the maximum 
DDE concentration; dieldrin <0.01 – 1.26 mg kg-1 dw, lindane <0.01 – 0.93 mg kg-1 dw 
(McIntyre & Lester, 1982).   McIntyre et al. (1984) continued this work, reporting the 
concentration of lindane, aldrin, dieldrin and endrin from a survey of 444 UK sewage 
sludges.  The omission of DDE appears to be an unusual oversight, given that DDE was 
detected in all samples in the earlier survey.  The major pesticides detected were lindane 
and dieldrin with maximum concentration far higher than the previous study: 70.00 and 
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52.94 mg kg-1 respectively.  These maximum concentrations were likely unusual samples 
as the mean and median concentrations are more representative of the typical 
concentrations of these compounds in UK sludges at the time; means 0.41, 0.50 mg kg-1; 
medians 0.09, 0.13 respectively (McIntyre & Lester, 1984). 
The nineties saw the improvement of analytical techniques and improved detection limits, 
which was required due to the decreasing concentrations of most OCPs in sewage sludge.  
The detection of OCPs was still common and were detected in studies from Sweden, Italy 
and Canada.  In the Swedish study the OCPs, Total DDT, HCB and lindane were 
detected, albeit at low concentrations <0.1 mg kg-1 dw  (Nylund et al., 1992).  HCB and 
DDE, were detected in Italian sludges (n=5) at concentrations ranging from 0.01 to 0.31 
mg kg-1 dw and 0.02 – 0.09 mg kg-1 dw (Ottaviani et al., 1993).  DDT and DDD were 
also detected but interfering analytes prevented the quantification of these compounds. A 
survey of Canadian sludges in 1996 found that aldrin, chlordane, heptachlor and DDT 
were below the survey detection limit (<0.01 mg kg-1 dw).  DDE and HCB were detected, 
but they weren’t detected in all samples (frequency not reported) with concentrations 
ranging from <0.01 to 0.013 mg kg-1 dw and <0.01 – 0.033 mg kg-1 dw respectively 
(Webber et al., 1996).  In fact, the median concentration of these OCPs was less than the 
detection limit.  This sampling event was approximately fifteen years after Canada 
phased out these compounds, which suggesting that this the approximate time required 
for a nations sewage sludges to depurate. 
By the new millennium, the detection of OCPs was becoming less common, with some 
countries choosing to not monitor for OCPs in national surveys (Bright & Healey, 2003).  
In a survey of digested sludge from fourteen UK WWTPs measuring the concentration 
HCHs, HCB, endosulfan, DDT, DDD, DDE and chlordane reported low or non-
detectable levels of all compounds (Stevens et al., 2003).  Only two of the compounds 
analysed were detected above the detection limit; HCB (6.4 – 260 µg kg-1 dw, mean 42 
µg kg-1 dw, median 22 µg kg-1 dw respectively) and DDE (6.0 – 28 µg kg-1 dw, mean 13 
µg kg-1 dw, median of 13 and 13 µg kg-1) (Stevens et al., 2003).  This observation is 
consistent with declining use of OCPs in Europe.  HCB, like other chlorobenzenes, has 
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some industrial applications, and this may also account for its presence in all the samples.  
It is also relatively volatile and ubiquitous in the atmosphere (Stevens et al., 2003) 
Sludge samples were collected in 2005 from 31 WWTPs in 26 cities of China, were 
analysed for HCH, DDT, DDD, DDE and BHC.  Concentrations of HCHs (all four 
isomers) was not regularly detected as the median concentration was <LOD for all 
isomers.  The presence of DDTs was detected frequently.  The detection of DDT suggests 
that DDT is still currently being used within China.  It was also noted that diclofol, 
containing DDT as an impurity, is still used within China.  HCB was detected in all 
sludge samples (7.5 to 319 µg kg-1).  The source of this compounds has been associated 
with the production of pentachloronitrobenzene and linked to combustion and 
metallurgical processes involving the use of chlorine (Wang et al., 2007). 
The concentration of OCPs has been decreasing in countries were they have been phased 
out for use and DDE, dieldrin and lindane are the most commonly detected OCPs.  
However, there is a sparsity of research articles that have simply published the 
concentration of these compounds in sewage sludge from various nations.  Given that 
many nations throughout the developing world are continuing using OCPs, it is important 
that this information be placed into the public sphere so that historical analysis can be 
undertaken to assess the depuration rate of the environment from these compounds.  Most 
OCPs appear to be no longer present in sludges, but DDE and dieldrin, in particular 
appear to have a much longer half-life still regularly detected in sludges fifteen years 
after banning.  
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Table 5-5 Concentration of OCPs in international sewage sludges as reported in the scientific literature µg kg-1 
dw 
Country Year 
Method 
Analyte Range Mean Median Reference 
USA 1976 
GC-ECD 
Dieldrin <0.03 – 2.2 0.19 0.27 (Furr et al., 
1976) 
UK 1982 
GC-ECD 
DDE 
Dieldrin 
Lindane 
<10 – 49 
<10 – 1260 
<10 – 930  
20 
280 
210 
40 
260 
180 
(McIntyre & 
Lester, 1982) 
UK 1984 
GC-ECD 
Aldrin 
Dieldrin 
Lindane 
<10 – 90,210 
<10 – 52,940 
<10 – 70,000 
30 
500 
410 
20 
130 
90 
(McIntyre & 
Lester, 1984) 
Netherlands 1984 
GC-ECD 
HCB 
Lindane 
<50 – 650 
<50 - 80 
360 
* 
360 
<50 
(van Luin & van 
Starkenburg, 
1984) 
Switzerland 1993 
GC-MS, GC-ECD 
HCB 
Lindane 
Total DDT 
nd – 144 
nd – 118 
nd – 376 
21 
21 
70 
nd 
nd 
70 
(Frost et al., 
1993) 
Italy 1993 
HRGC-MS 
DDE 
DDE 
HCB 
20 – 90 
5 – 20 
10 – 305  
49 
12.5 
89 
30 
12.5 
10 - 305 
(Ottaviani et al., 
1993) 
Canada 1996 
HRGC-MS 
DDE 
HCB 
<10 – 13 
<10 - 33 
* 
* 
<10 
1 
(Webber et al., 
1996) 
 Aldrin, chlordane, heptachlor, DDT were below the detection limit (<10) 
Ireland 2000 
GC-ECD 
DDE <10 – 106 51 5 (McGrath et al., 
2000) 
UK 2003 
HRGC-MS 
DDE 
HCB 
6.0 – 28 
6.4 - 28 
13 
42 
13 
22 
(Stevens et al., 
2003) 
 Lindane, DDT, DDD, chlordane were “low or at non-detectable levels” 
Greece 2004 
HRGC-MS 
DDE 
DDD 
Dieldrin 
Heptachlor 
<dl – 96 
<dl – 400 
<dl – 86 
<dl - 170 
27 
78 
15 
41 
19 
130 
<dl 
<dl 
(Katsoyiannis & 
Samara, 2004) 
China 2007 
HRGC-HRMS 
DDE 
DDT 
HCB 
Lindane 
10.5 – 730.3 
<0.10 – 100.7 
7.5 – 318.7 
<0.04 – 7.4 
142.8 
10.0 
145.3 
0.6 
91.2 
2.4 
133.8 
<0.04 
(Wang et al., 
2007) 
<dl is used if the detection limit has not been supplied in the text 
 
5.2.1.2 Polychlorinated biphenyls 
Investigating PCBs in sewage sludge has been commonly undertaken, with research 
published from the USA, the UK, Netherlands, Italy, Switzerland, Canada, Ireland, 
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Greece and Spain.  Much of this research was directed towards the risk posed from the 
land application of sewage sludge, as well as, quantifying the environmental release of 
PCBs in sludge and wastewaters.  An important concept to be aware of in the discussion 
of PCBs is the different reporting styles.  There are a total of 209 individual PCBs and 
quantification of all 209 is generally not possible or desirable.  Concentrations were 
originally reported in terms of the commercial formulation, Arochlors™.  Later 
individual isomers were selected as representative of ΣPCB concentration.  In this review 
the number of isomers included in the total sum of PCBs will be included in brackets, i.e. 
ΣPCBs (X).  
One of the first reports of PCBs in sludge was of six USA sludges (Bergh & Peoples, 
1977).  The concentrations were very high, having a mean concentration of 765 mg kg-1 
dw and ranging between 238 – 1,700 mg kg-1 dw.  PCBs were on the verge of being 
phase out in the USA at this time, which could account for the high concentrations.  
While it is likely that these concentrations are accurate, it is possible that they are not.  
West et al. (1980) was the next to report levels of PCBs in USA sludges.  The levels were 
far lower than the earlier Bergh et al. (1977) study, with mean PCB concentration of 3.4 
mg kg-1 dw and ranging between 1.2 – 6.2 mg kg-1 dw.  Again, Mumma et al. 
demonstrated that concentrations of PCBs in sludges from the USA were slightly greater 
than 1 mg kg-1, with concentrations ranging from 0.15 – 3.6 mg kg-1 dw and a mean of 
1.2 mg kg-1 dw (Mumma et al., 1984).  Research out of the UK reported concentrations 
of up 22 mg kg-1 dw (McIntyre & Lester, 1984) which wasn’t typical, as the mean 
concentrations were less than 1 mg kg-1 in two separate UK sludge surveys (McIntyre & 
Lester, 1982; McIntyre & Lester, 1984).  PCBs in Netherlands sludges were in a similar 
range to the UK sludges: ΣPCBs (17) ranging 0.39 – 1.48 mg kg-1 dw, mean 0.88 mg kg-1 
dw.   The concentrations of sludges in the Eighties were typically in the low parts-per-
million range, which was already far lower than the concentrations reported in the 
seventies by Bergh et al. (1977). 
In the Nineties, the concentrations of PCB in sludges was declining and was often below 
1 mg kg-1 dw.  For example, Italian sludges analysed in the early Nineties had PCB 
concentrations ranging between 210 and 1010 µg kg-1 dw (Ottaviani et al., 1993).  In a 
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follow up survey of digested sludge from fourteen UK WWTPs the total concentration 
ranged between 110 – 440 µg kg-1 dw, mean 292 µg kg-1 dw, which is similar to the 
concentrations reported by McIntrye et al. in the 1980s (Alcock & Jones, 1993).  This 
work was followed up again in 2003 when Stevens et al. reported the concentration of 
ΣPCBs in fourteen UK sludges.  The concentrations were similar to the studies conducted 
in the Nineties, as well as the Eighties: range 110 – 440 µg kg-1 dw (Stevens et al., 2003).  
The concentrations of the three most toxic coplanar PCB congeners (77, 126, 169) as well 
as 7 mono-and di-ortho-PCBs (PCB 8 28, 52, 101, 118, 153, 138, 180) were measured in 
nineteen sewage sludges from Switzerland.   The sum of the seven mono- and di-ortho-
PCBs, which are routinely measured as representatives of the PCB fraction, reached 
levels between 43 – 550 µg kg-1 dw (Berset & Holzer, 1996).  Sludges that received 
industrial effluents clearly showed higher PCB levels than rural ones (Berset & Holzer, 
1996).  
By the new millennium, the concentration of PCB in international sludges has decreased 
to be typically lower than 500 µg kg-1 dw.  For example, in a Canadian sludges survey of 
2003 PCBs were not detected in any of the subset of 20 samples analysed at a minimum 
detection limit of 50 µg kg-1 dw (Bright & Healey, 2003).   
A survey of Spanish sludges reported the PCBs concentrations in 139 sludge samples 
from twenty WWTPs.  The values found in these samples were 3 – 60 µg kg-1 dw, 
median 30 µg kg-1 dw, which was below the European recommended limit (Abad et al., 
2005).  Paulsrud et al. (1998) detected PCB concentrations of 17 – 100 µg kg-1 dw with a 
median value of 42 µg kg-1 dw in Norwegian sludges.  Similarly, a recent study 
Blanchard et al., 2004 reported PCBs concentrations ranging from 70 – 650 µg kg-1 dw in 
sludge samples taken in a WWTP which drains the Paris area (France).  Again PCBs in 
Greek sludges ranged between 185 and 765 µg kg-1 dw and all were below the EU limit 
for use of sludge in agriculture (Katsoyiannis & Samara, 2004). 
A summary of the concentration of PCBs in international sludges is presented within 
Table 5-6 showing that PCBs levels have declined since measurements were begun.  The 
highest reported concentrations of PCBs in sludges occurred in the USA of 1,700 mg kg-1 
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dw at a point in history when PCBs were being phased out.  There is little variation of 
PCB concentrations between nations suggesting that PCB contamination was similar 
throughout developed countries.  Presently, PCB concentrations rarely exceed 1 mg kg-1 
dw. 
Table 5-6 Concentration of OCPs in international sewage sludges as reported in the scientific literature µg kg-1 
dw 
Country Year 
Method 
Analyte Range 
µg kg-1 dw 
Mean Median Reference 
USA 1976 
GC-ECD 
Arochlor 1254 <10 – 23,000 5,200 4,200 (Furr et al., 1976) 
USA 1977 
GC-ECD 
Arochlor 1016 238,000 – 1,700,000 765,000 * (Bergh & Peoples, 
1977) 
USA 1980 
GC-ECD 
ΣPCBs 1,200-6,200 3,400 3,200 (West & Hatcher, 
1980) 
UK 1982 
GC-ECD 
Arochlor 1260 20 - 460 160 150 (McIntyre & Lester, 
1982) 
UK 1984   GC-
ECD 
Arochlor 1260 10 – 21,500 340 140 (McIntyre & Lester, 
1984) 
USA 1984 GC-
ECD 
ΣPCBs 150 – 3,600  1,200 900 (Mumma et al., 1984) 
Netherlands 1984 
GC-ECD 
(1) PCBs (6) 
(2) PCBs (17) 
210 - 660 
390 – 1,480 
500 
880 
580 
960 
(van Luin & van 
Starkenburg, 1984) 
UK 1993  
HRGC-ECD 
ΣPCBs 106 - 712 292 * (Alcock & Jones, 
1993) 
Italy 1993 
HRGC-MS 
 210 – 1010 628  565 (Ottaviani et al., 
1993) 
Switzerland 1993 
GC-MS, GC-
ECD 
    (Frost et al., 1993) 
USA 1994 
HRGC-ECD 
ΣPCBs <250 - 4600 <250 <250 (Gutenmann et al., 
1994) 
Swizterland 1996  
HRGC-MS 
(1) Co-planar (2) 
ΣPCBs (7); 28, 
52, 101, 118, 153, 
138, 180 
0.231 – 5.05 
43 - 550 
* 
* 
* 
* 
 
(Berset & Holzer, 
1996) 
Canada 1996 
HRGC-MS 
ΣPCBs <10 - 28 * <10 (Webber et al., 1996) 
Ireland 2000 
GC-ECD 
ΣPCBs <10 – 105 58 7 (McGrath et al., 
2000) 
Canada 2003 
HRGC-MS 
ΣPCBs <50 * * (Bright & Healey, 
2003) 
UK 2003  
HRGC-MS 
ΣPCBs 110 – 440  * * (Stevens et al., 2003) 
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Table 5-6 Concentration of OCPs in international sewage sludges as reported in the scientific literature µg kg-1 
dw 
Country Year 
Method 
Analyte Range 
µg kg-1 dw 
Mean Median Reference 
France 2004 
HRGC-MS 
ΣPCBs 70 – 650  * * (Blanchard et al., 
2004) 
Greece 2004 
HRGC-MS 
ΣPCBs 180 – 765  550 500 (Katsoyiannis & 
Samara, 2004) 
Spain 2005 
HRGC-MS 
ΣPCBs (7) 3 – 60  * 30 (Abad et al., 2005) 
<dl is used if the detection limit has not been supplied in the text, * no data provided 
 
5.2.2 Source(s) of OCCs in Sewage Sludge 
The sources of OCPs and PCBs in sewage sludge is not well understood.  There have 
been no attempts to characterize the source of these compounds in sewage sludge.  
However, much research has been undertaken upon the fate of PCBs within the WWTPs. 
5.2.2.1 Organochlorine Pesticides 
OCPs may enter the WWTP process from industrial discharge or as a component of 
urban runoff or drainage into the sewage system.  However, little research has 
investigated the environmental pathways and source of these compounds in sludges.  The 
most illuminating work was a study by Nylund et al. 1992 that measured the 
concentration of organic contaminants during a dry and rainy period.  They found that the 
concentrations of DDTs increased from 39 µg kg-1 dw in a dry period to 68 µg kg-1 dw in 
a wet period which suggests that atmospheric deposition is a major route of movement of 
this pesticide.  This suggests that the DDTs are moving via the atmosphere and are 
washed out of the atmosphere with rain or the rainfall washes out pesticide residues from 
the urban environment, or perhaps a combination of both.  The concentration of lindane 
was not different between the period 8.7 and 7.8 µg kg-1 dw respectively, which suggests 
that atmospheric transport doesn’t play major role in the movement of lindane.  Oddly the 
concentration of HCB decreased from 43 to 11 µg kg-1 dw from dry to wet period and no 
explanation of this phenomenon was provided. 
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Various studies have investigated the fate of OCPs within a WWTPs.  While most OCPs 
are persistent (Buisson et al., 1986) and is was reported that lindane was effectively 
removed by approximately 67 ± 10 % (Kipopoulou et al., 2004).  There is a correlation 
between biodegradability and water solubility and the relative high degradation rates of 
lindane are likely to be a reflection of this fact.  Lindane also has a higher vapour 
pressure so could be volatilised. 
5.2.2.2 Polychlorinated biphenyls 
The concentration of PCB were measured in two Swedish sludge samples, during a rainy 
and dry period.  The concentration of PCB (Σ6) increased from 54 to 85 µg kg-1 dw from 
dry to rainy period (Nylund et al., 1992).  Atmospheric deposition of PCBs was 
supported by research that investigated PCBs in the sewerage system in Paris, France, 
during 1999-2000.  The PCB concentration in the final sludge was 0.623 mg kg-1 dw 
(Blanchard et al., 2004).  The PCBs (Σ7) brought by total atmospheric fallout was 17.6 
kg and sludges accounted for 21.1kg, which suggests that atmospheric fallout is the 
dominant source of PCBs in these sludges (Blanchard et al., 2004).  The concentration of 
PCBs in the atmosphere was found to be 40 – 500% greater in precipitation from an 
urban environment compared to the background precipitation (Offenberg & Baker, 1997) 
and if this is the dominant source of PCBs into the sewerage system it is important to 
acknowledge that the concentration of PCBs is decreasing in the atmosphere in the 
atmosphere over London, with half-lives ranging from 2-6 years (Sweetman & Jones, 
2000).  Loganathan et al. (1997) investigated the PCB by wet and dry deposition.  They 
reported that contaminated street dust was a major PCB source, particularly in areas that 
had historical contamination (Loganathan et al., 1997). 
Unlike Australia, some European countries do not have separate storm water and 
sewerage systems.  Therefore while atmospheric deposition may contribute PCBs to 
Australian sludges, it is not likely to be the dominant source, but dust might be. 
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5.3 RESULTS AND DISCUSSION 
5.3.1 Australian OCC Concentration Data Collation 2004 - 2006 
OCC concentration data in Australian sewage sludge analysed at NATA accredited 
laboratories between the years 2004, 2005 and 2006 from the states New South Wales 
(NSW), Queensland (Qld), Tasmania (Tas), Victoria (Vic) and Western Australia (WA) 
has been collated.  Table 5-7 details the number and source of samples.  This includes the 
number of sewage sludge samples analysed for OCCs and the number of WWTPs from 
which the sewage sludge was generated.  These details are further categorised according 
to year and state. 
Table 5-7  Number of sewage sludge samples analysed for OCCs in the data survey, 
categorized according to Year and State of Australia. The number in brackets denotes 
the number of WWTPs producing the sewage sludge 
 Overall 2004 2005 2006 
Overall 829 (58) 221 (17) 335 (33) 273 (36) 
NSW 539 (22) 169 (8) 181 (11) 189 (14) 
Qld 191 (24) 11 (3) 115 (14) 65 (13) 
Tas 6 (2) 0 (0) 0 (0) 6 (2) 
Vic 48 (7) 10 (3) 28 (5) 10 (4) 
WA 45 (3) 31(3) 11 (3) 3 (3) 
NOTE: Data from WA reported only Total DDT and not DDT, DDD and DDE; therefore the 
modified overall total for these three components is 784 
 
The concentration of OCCs was collated from a total of 829 Australian sewage sludges, 
generated from 58 Australian WWTPs in the years 2004, 2005 and 2006.  The most 
comprehensive results obtained were from NSW and Qld, which comprise 65% and 23% 
of the sample set respectively.  Sludges from NSW and Qld were analysed in each of the 
sample years and includes sludge samples from 22 and 24 different WWTPs, 
respectively.  The data from Vic and WA each represents 6% of the sample set, with data 
from each of the survey years and from seven and three WWTPs respectively.  The data 
obtained from Tasmania is somewhat incomplete and represents less than 1% of the 
sample set and was only from 2006.  No data was obtained from South Australia.  The 
overall summary statistics of the concentrations of OCPs and PCBs measured in 
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Australian sewage sludges between the years 2004, 2005 and 2006 are presented within 
Table 5-8. 
Table 5-8  Summary Statistics of organochlorine compounds in Australian sewage sludge between the years 2004 to 
2006; n=784 (DDT,DDD,DDE), n=829 (Total DDT, aldrin, chlordane, dieldrin, heptachlor, HCH, lindane, PCBs).  
N = positive detection, ND = less than detection limit (<0.01 mg kg-1 dw), ƒ  = percentage detection. 
Variable N ND ƒ  Mean StDev Min Median Max 
DDT 2 782 0 0.02 0.01 0.01 0.02 0.03 
DDD 4 780 1 0.03 0.02 0.01 0.02 0.06 
DDE 103 681 13 0.04 0.05 0.01 0.02 0.27 
Total DDT 112 717 14 0.04 0.05 0.01 0.02 0.27 
Aldrin 3 826 0 0.03 0.03 0.01 0.02 0.07 
Chlordane 227 602 27 0.03 0.03 0.01 0.02 0.30 
Dieldrin 567 262 68 0.05 0.06 0.01 0.04 0.77 
Heptachlor 16 813 2 0.05 0.04 0.02 0.03 0.17 
HCB 22 807 3 0.04 0.06 0.01 0.03 0.30 
Lindane 0 829 0 * * * * * 
PCBs 10 819 1 0.26 0.14 0.02 0.30 0.41 
 
The concentration of the dominant OCPs in Australian sewage sludge dieldrin, chlordane 
and Total DDT detected in 68%, 27% and 14% of samples respectively are presented in 
Figure 5-2 and Figure 5-3.  The maximum concentration of these compound is lower than 
the highest contaminant limit with maximum concentrations of dieldrin, chlordane and 
Total DDT, were 0.77, 0.30 and 0.27 mg kg-1 dw respectively.  In fact, the majority of 
samples (75%) of each of these compounds was less than 0.06, 0.03 and 0.04 mg kg-1 dw 
respectively. 
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Figure 5-2 Concentration of Total DDT (Primarily DDE; n = 109), chlordane (n = 227) and dieldrin (n = 567) 
concentrations mg kg-1 dw in Australian biosolids between the years 2004 and 2006 
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Figure 5-3 Histogram presentation of concentration (mg kg-1 dw) of (A) Total DDT, (B) chlordane and (C) 
dieldrin in Australian seage sludge/biosolids collated data between the years 2004 and 2006 
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DDT, DDD and aldrin were also rarely detected and positive detection of these samples 
occurred in 2, 4 and 3 sludges, respectively.  In terms of the DDTs, the overall summary 
statistics clearly demonstrate that DDT and DDD are rarely detected and DDE comprises 
the majority of the reported ‘Total DDT’.   Results were obtained that didn’t distinguish 
the contribution of Total DDT; however, it is fair to assume that the contribution of Total 
DDT is comprised primarily by DDE, therefore results will be presented as ‘Total DDT’.  
Aldrin was rarely detected in the sewage sludge samples, however this is due to the 
conversion of aldrin into dieldrin once released into the environment.  Therefore the 
dieldrin burden in the sewage sludge is a contribution from both aldrin and dieldrin that 
were released into the environment.  The maximum concentration of DDT, DDD and 
aldrin was 0.03, 0.06 and 0.07 mg kg-1 dw respectively.  While Australian states 
regulations are different, these levels are far lower than 0.5 mg kg-1 dw the most stringent 
Australian guideline for regulating the use of biosolids. 
The concentration of DDT, DDD, aldrin, heptachlor, HCB and PCBs is low, most below 
0.2 mg kg-1 dw and are close to the analytical detection limit of 0.01 mg kg-1.  The spread 
of the PCBs is greater than the other compounds presented, ranging from 0.02 to 0.41 mg 
kg-1 dw.  Again the maximum concentration of PCBs is lower than all Australian 
regulations (0.5, 1 mg kg-1 dw) that would classify this sludge as unsuitable for land 
application.  This information presents a strong case that these compounds are no longer 
persistent in Australian sewage sludge and compliance monitoring of these compounds 
may no longer be necessary.  PCBs while not frequently detected (~1%) are still 
contained within Australian infrastructure, and the environmental monitoring of these 
compounds may still be necessary until they are fully removed and safely disposed. 
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Figure 5-4 Concentration of DDT, DDD, aldrin, heptachlor, HCB, PCBs mg kg-1 dw in Australian biosolids 
between the years 2004 and 2006 
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Based upon the summary statistics, the OCCs can be categorised into three groups.  The 
first is the commonly present OCCs.  This includes dieldrin, chlordane and DDE; 
detected in 68%, 27% and 13% of samples respectively.  The second is the low frequency 
detected compounds and includes HCB, heptachlor and PCBs, detected in 3%, 2% and 
1% of samples respectively. The third group contains compounds that are rarely detected 
i.e. <1%.  Notably lindane was not detected in any of the 829 sewage sludge samples 
analysed. The absence of this compound from all samples analysed across Australia 
demonstrates that lindane is no longer persistent in Australian sewage sludge, and may 
never have been. 
Table 5-9 presents the concentration of OCPs and PCBs categorized by State.  Dieldrin is 
the most prevalent OCP detected in the states, NSW, Qld, Vic and WA at a frequency of 
70, 79, 40 and 33%.  The higher detected rates in the tropical climates of Qld and NSW 
may reflect higher use of dieldrin in these areas to combat termites.  Chlordane, which is 
also primarily use as a termiticide was only detected in NSW (49%) and Qld (26 %) and 
was not detected in any samples from Tas, Vic or WA.  Heptachlor was detected in 
sludges from NSW, Qld and Vic, but not WA and only from sludges generated from 3, 5 
and 1 WWTP respectively.  Heptachlor readily converts in the environment to its 
metabolite heptachlor epoxide and perhaps this compound should be monitored to 
ascertain if this compound is prevalent in the environment.  Overall HCB was detected in 
4% of sludge samples from five WWTPs, all of which where from NSW.  The 
contamination of HCB occurred at a single NSW WWTP.  It has been previously 
reported that this WWTP has receives contaminated trade waste and its waste streams are 
contaminated (Connell et al., 2002).  It is likely that HCB occurs in sewage sludge as a 
result of industrial application and formation as a by-product and not its historical use as 
a pesticide.  In terms of total DDT, the majority is comprised of DDE; which is slightly 
varied across the states; NSW, Qld and Vic with 9%, 26% and 13% frequency detection.  
DDT and DDD were detected in sludges generated in NSW.  The presence of DDT in the 
sludge is surprising as DDT is converted in the WWTPs and the environment to its 
metabolites DDD and DDE (IPCS, 1989a).  This suggests that there was recent 
inappropriate use or disposal of this compound in that area.  DDT is also a contaminant in 
other pesticides such as diclofol and this may be its source in this area.  PCBs were only 
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detected sludges from four WWTP, two from NSW and Qld, but only present in less than 
1% of samples.  
Table 5-9 Summary statistics of organochlorine compounds in Australian biosolids separated by State; data collated from 
biosolids producers from the years 2004 to 2006 
Variable State N ND ƒ  Mean StDev Min Median Max 
Total DDT NSW 53 486 10 0.04 0.06 0.01 0.02 0.26 
 Qld 49 142 26 0.04 0.04 0.02 0.03 0.27 
 Vic 6 42 13 0.03 0.03 0.01 0.02 0.09 
 WA 4 41 9 0.03 0.01 0.02 0.03 0.05 
Chlordane NSW 177 362 33 0.03 0.03 0.01 0.02 0.18 
 Qld 50 141 26 0.05 0.05 0.01 0.03 0.29 
 Vic 0 48 0 * * * * * 
 WA 0 45 0 * * * * * 
Dieldrin NSW 377 162 70 0.04 0.03 0.01 0.03 0.30 
 Qld 151 40 79 0.08 0.07 0.02 0.06 0.70 
 Vic 24 24 50 0.11 0.19 0.03 0.05 0.77 
 WA 15 30 33 0.02 0.01 0.02 0.02 0.06 
Heptachlor NSW 5 534 1 0.04 0.02 0.02 0.03 0.06 
 Qld 8 183 4 0.3 0.01 0.02 0.03 0.04 
 Vic 3 45 6 0.09 0.07 0.05 0.06 0.17 
 WA 0 45 0 * * * * * 
HCB NSW 22 517 4 0.04 0.06 0.01 0.03 0.30 
 Qld 0 191 0 * * * * * 
 Vic 0 48 0 * * * * * 
 WA 0 45 0 * * * * * 
PCBs NSW 8 531 1 0.31 0.10 0.18 0.36 0.41 
 Qld 2 189 1 0.06 0.06 0.02 0.06 0.11 
 Vic 0 48 0 * * * * * 
 WA 0 45 0 * * * * * 
 
 
An analysis of variance (ANOVA) was undertaken to compare the mean OCC 
concentrations between States.  No significant difference was observed between the 
States for Total DDT concentrations (P = 0.812).  However, a significant difference at the 
5% level was observed with the concentration of chlordane, dieldrin, heptachlor, HCBs 
and PCBs and States.  Surprisingly, the mean concentration of dieldrin in Vic was higher 
than Qld, NSW and WA with means of 0.11, 0.04, 0.08 and 0.02 mg kg-1 dw 
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respectively.  The higher mean concentration of heptachlor was also highest in the Vic 
samples compared to Qld and NSW samples.  Chlordane and PCBs were only detected in 
sludges from NSW and Qld.  The levels of chlordane in Qld sludges were significantly 
higher than NSW sludges with mean concentrations of 0.05 and 0.03 mg kg-1 dw.  
Conversely the NSW sludges had a significantly higher concentration of PCBs than those 
from Qld (mean 0.31 and 0.06 mg kg-1 dw). 
The three commonly detected OCCs, Total DDT, chlordane and dieldrin have been 
chosen for further analysis.  The summary statistics for these compounds is presented in 
Table 5-10.  An ANOVA was performed to assess the variation of these compounds 
between years.  No significant difference was observed between the concentration of 
dieldrin (P = 0.11) and year.  In fact, the mean concentration of dieldrin had increased 
from 0.04 mg kg-1 dw in 2004 to 0.06 mg kg-1 dw in 2006.  A significant difference was 
observed between years for Total DDT and chlordane (P = 0.01 and P = 0.02).  The 
concentration of Total DDT had decreased from 0.06 mg kg-1 dw in 2004 to 0.03 mg kg-1 
dw in 2006.  The concentration of chlordane was highest in 2005 (0.04 mg kg-1) 
compared to 2004 (0.03 mg kg-1 dw) and 2006 (0.02 mg kg-1 dw).  Figure 5-5 show box-
plots of the concentrations of Total DDT, chlordane and dieldrin categorized according to 
Year and State.
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Table 5-10 Summary statistics of organochlorine compounds concentration (mg kg-1 dw) in Australian biosolids separated by 
State; data collated from biosolids producers from the years 2004 and 2006 
Variable State N ND ƒ  Mean StDev Min Median Max 
Total DDT          
NSW 2004 18 151 11 0.07 * 0.09 0.01 0.26 
NSW 2005 12 169 7 0.03 0.01 0.01 0.02 0.05 
NSW 2006 20 169 11 0.03 0.01 0.02 0.03 0.03 
Qld 2004 3 8 27 0.11 * 0.14 0.03 0.27 
Qld 2005 36 115 24 0.03 0.02 0.02 0.03 0.11 
Qld 2006 10 55 15 0.02 0.01 0.01 0.02 0.05 
Vic 2004 0 10 0 * * * * * 
Vic 2005 4 24 14 0.02 0.01 0.01 0.02 0.03 
Vic 2006 2 63 3 0.03 0.01 0.02 0.03 0.03 
WA 2004 4 27 13 0.03 * 0.01 0.03 0.05 
WA 2005 0 11 0 * * * * * 
WA 2006 0 3 3 * * * * * 
Chlordane          
NSW 2004 63 106 37 0.03 * 0.02 0.02 0.17 
NSW 2005 76 105 42 0.03 0.03 0.01 0.02 0.18 
NSW 2006 38 151 20 0.02 0.01 0.01 0.02 0.07 
Qld 2004 1 10 9 0.14 *  0.14 0.14 
Qld 2005 27 124 18 0.06 0.06 0.02 0.03 0.3 
Qld 2006 22 43 34 0.03 0.01 0.01 0.03 0.05 
Vic 2004 0 10 0 * * * * * 
Vic 2005 0 28 0 * * * * * 
Vic 2006 0 65 0 * * * * * 
WA 2004 0 31 0 * * * * * 
WA 2005 0 11 0 * * * * * 
WA 2006 0 3 5 * * * * * 
Dieldrin          
NSW 2004 97 72 57 0.04 * 0.02 0.03 0.13 
NSW 2005 145 36 80 0.04 0.03 0.01 0.03 0.25 
NSW 2006 135 54 71 0.04 0.03 0.01 0.04 0.3 
Qld 2004 6 5 55 0.07 * 0.02 0.07 0.08 
Qld 2005 97 54 64 0.06 0.03 0.02 0.05 0.22 
Qld 2006 48 17 74 0.1 0.11 0.02 0.07 0.7 
Vic 2004 2 8 20 0.41 * 0.5 0.41 0.77 
Vic 2005 15 13 54 0.09 0.15 0.03 0.05 0.64 
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Vic 2006 7 58 11 0.06 0.02 0.04 0.07 0.1 
WA 2004 13 18 42 0.02 * 0.01 0.02 0.06 
WA 2005 2 9 18 0.02 0 0.02 0.02 0.02 
WA 2006 0 3 6 * * * * * 
* no data calculated 
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Figure 5-5  Box-plot of the concentration mg kg-1 of (A) Total DDT, chlordane and dieldrin in the years 2004, 2005 and 2006 and (B) Total DDT, (C) chlordane and (D) 
dieldrin categorized by State and Year. 
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In summary, the major compounds detected in Australian sewage sludges between the 
years 2004 and 2006 from New South Wales, Queensland, Tasmania, Victoria and 
Western Australia were dieldrin, chlordane and DDE detected in 68, 27 and 13 % of 
samples at maximum concentrations of 0.77, 0.30 and 0.27 mg kg-1 respectively.  The 
OCPs could be crudely categorized into three groups; (1) frequently detected (dieldrin, 
chlordane, DDE) (2) low frequency of detection (heptachlor, HCB, PCBs) and (3) rarely 
detected <1% (DDT, DDD, aldrin, lindane).  The overall concentration of these 
compounds was consistently low and was never sufficiently high to prevent the use of 
sewage sludge as biosolids.  The low frequency of detected of Group 2 and 3 compounds 
combined with the low concentrations measured when detected firstly demonstrate that 
these compounds are not ubiquitous in Australian sewage sludge and secondly, support 
an argument that these compounds no longer required compliance monitoring for the use 
of sewage sludge as biosolids.  
5.3.2 OCCs Australian Sewage Survey  
Thirteen sewage sludge samples were collected from around Australia from a variety of 
urban (pop. > 1,000,000) and rural (pop. < 300,000) sources in 2007 and analysed for 
organochlorine pesticides with a detection limit of 0.01 mg kg-1 dw (HCB, Heptachlor, 
Heptachlor epoxide, Aldrin, Lindane, α-BHC, β-BHC, δ-BHC, trans-Chlordane, cis-
Chlordane, oxychlordane, dieldrin, pp-DDE, pp-DDD, pp-DDT, endrin, endrin aldehyde, 
endrin ketone, alpha-endosulfan, beta-endosulfan, endosulfan sulfate and methoxychlor) 
and PCBs measured as Aroclors (1016, 1221, 1232, 1242, 1248, 1254 and 1260). 
With the exception of dieldrin and chlordane no compounds were detected.  Dieldrin was 
detected in five of the thirteen samples (38 %) ranging in concentration between 0.022 
and 0.059 mg kg-1 dw and a mean of 0.038 mg kg-1 dw.  Chlordane was detected in one 
sample (8 %) with a concentration of 0.031 mg kg-1 dw.  PCBs were not detected in any 
sample with a detection limit of <0.1 mg kg-1 dw.  This finding is consistent with the 
collated data survey and no obvious associations was observed between the dieldrin 
concentration and State. 
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5.3.3 OCC Time Series 
This section will analyse the concentrations of OCPs and PCBs in sewage sludge, 
analysed approximately weekly at six NSW wastewater treatments plants between the 
years 1995 and 2006; Glenfield, Hornsby Heights, Quakers Hill, St Mary and 
Wollongong.  Data from the years 2001 – 2004 have been collected from Malabar 
WWTP.  The overall summary statistics are presented in Table 5-12. 
Table 5-11  Summary Statistics of organochlorine compounds concentration (mg kg-1 dw) in Australian sewage sludge 
between the years 2004 to 2006; n=784 (DDT,DDD,DDE), n=829 (Total DDT, aldrin, chlordane, dieldrin, heptachlor, 
HCH, lindane, PCBs).  N = positive detection, ND = less than detection limit (<0.01mg kg-1 dw), ƒ  = percentage 
detection.  
Variable  N ND ƒ  Mean StDev Min Median Max 
DDT 29 2237 1.30 0.05 0.05 0.01 0.03 0.17 
DDD 89 2177 3.93 0.06 0.15 0.01 0.02 1.04 
DDE 129 2137 5.69 0.02 0.02 0.01 0.01 0.13 
Total DDT 174 2092 7.68 0.05 0.11 0.01 0.02 1.04 
Aldrin 6 2260 0.26 0.10 0.16 0.01 0.03 0.41 
Dieldrin 1554 712 68.58 0.10 0.08 0.01 0.10 0.49 
Chlordane 1016 1250 44.84 0.11 0.10 0.01 0.11 0.73 
Heptachlor 9 2257 0.40 0.13 0.08 0.04 0.10 0.25 
HCB 175 2091 7.72 0.07 0.09 0.01 0.03 0.48 
Lindane 0 2266 0.00 * * * * * 
PCBs 126 2140 5.56 0.30 0.20 0.06 0.28 1.40 
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Figure 5-6 Box-plot of the concentration of organochlorine compounds mg kg-1 dw measured at six NSW WWTPs 
between the years 1995 and 2006 
 
Based upon the overall summary statistics of certain compounds have been eliminated 
from further discussion.  Lindane was not detected in 2266 sludge samples from six 
WWTPs between the years 1995 and 2006.  It is concluded that lindane is not prevalent 
in Australian sewage sludge, is not likely to be a contaminant and is not included in the 
following analysis.  Aldrin and heptachlor were rarely detected in over ten years of 
analysis.  Aldrin was detected in 6 of the 2266 sludges analysed (0.26%) and heptachlor 
was detected in only nine (0.40%), both with maximum concentrations below restricted 
land use; aldrin max 0.41 mg kg-1, heptachlor 0.25 mg kg-1.  No further discussion of 
these compounds will be undertaken.  Dieldrin, chlordane and Total DDT (primarily 
DDE) were detected in all samples.  Other compounds such as DDT, DDD, HCB and 
PCBs were not always detected.  Compound detected in less than 1% of the samples has 
been removed from the summary statistics for each of the WWTPs is presented in Table 
5-12. 
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Table 5-12 Overall summary statistics of organochlorine compounds concentration (mg kg-1 dw) time series. N = positive 
detection, ND = less than detection limit (<0.01mg kg-1), ƒ  = percentage detection. 
Variable N ND ƒ  Mean StDev Min Median Max 
Glenfield 1995 – 2006 
Total DDT 13 449 2.8 0.04 0.05 0.01 0.02 0.17 
Dieldrin 325 137 70.4 0.12 0.09 0.01 0.12 0.45 
Chlordane 191 271 41.3 0.14 0.11 0.01 0.12 0.65 
PCBs 51 411 11.0 0.26 0.10 0.06 0.27 0.50 
Hornsby Heights 1995 – 2006 
Total DDT 2 93 2.1 0.02 0.01 0.01 0.02 0.02 
Dieldrin 49 46 51.6 0.11 0.06 0.01 0.11 0.28 
Chlordane 42 53 44.2 0.16 0.09 0.01 0.14 0.34 
Malabar 2001 – 2004 
DDT 21 434 4.6 0.03 0.02 0.01 0.02 0.10 
DDD 72 383 15.8 0.03 0.03 0.01 0.02 0.20 
DDE 72 383 15.8 0.02 0.02 0.01 0.01 0.13 
Total DDT 103 352 22.6 0.04 0.03 0.01 0.03 0.13 
Dieldrin 328 127 72.1 0.04 0.03 0.01 0.03 0.31 
Chlordane 181 274 39.8 0.02 0.02 0.01 0.02 0.21 
HCB 155 300 34.1 0.07 0.09 0.01 0.03 0.48 
Quakers Hill 1995 – 2006 
Total DDT 8 437 1.8 0.04 0.04 0.01 0.02 0.10 
Dieldrin 212 233 47.6 0.12 0.09 0.01 0.12 0.49 
Chlordane 157 288 35.3 0.13 0.09 0.01 0.13 0.46 
PCBs 10 435 2.3 0.59 0.48 0.06 0.33 1.40 
St Mary (1995 – 2006) 
Total DDT 19 464 3.9 0.19 0.30 0.01 0.04 1.04 
Dieldrin 363 120 75.2 0.11 0.09 0.01 0.11 0.47 
Chlordane 242 241 50.1 0.13 0.12 0.01 0.12 0.67 
HCB 14 469 2.9 0.05 0.04 0.01 0.03 0.12 
PCBs 13 470 2.7 0.13 0.10 0.06 0.08 0.34 
Wollongong 1995 – 2006 
Total DDT 29 297 8.9 0.03 0.04 0.01 0.01 0.21 
Dieldrin 277 49 85.0 0.11 0.07 0.01 0.12 0.34 
Chlordane 203 123 62.3 0.11 0.10 0.01 0.11 0.73 
HCB 4 322 1.2 0.05 0.05 0.01 0.04 0.12 
PCBs 52 274 16.0 0.33 0.14 0.11 0.30 0.77 
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Dieldrin was the most prevalent compound detected in the 10 years of analysis, with an 
overall frequency of detection of 68.6%, ranging between 47.6 to 85.0 % for the 
individual treatment plants.  With the exception of Malabar WWTP, the WWTPs had 
dieldrin concentrations in their sludges which weren’t significantly different from one 
another (P = 0.184); means ranging between 0.10 – 0.12 mg kg-1 dw.  A further 
discussion of dieldrin will be undertaken in Section 5.3.3.1. 
Chlordane was the next most frequently detected compound, detected in 45% of samples.  
The mean concentration was 0.11 mg kg-1 dw and ranged between 0.01 – 0.73 mg kg-1 
dw.  It was detected in sludges from all WWTPs and all years.  There was a significant 
difference at the 5% confidence levels between both WWTPs (means ranging from 0.09 – 
0.12 mg kg-1 dw) and years (means reducing from 0.31 mg kg-1 dw in 1995 to 0.02 mg 
kg-1 dw in 2006). 
The frequency of detection of Total DDT was lower than in the collated data survey.  
While Total DDT was reported in 7.7% of samples, DDT, DDD and DDE were detected 
in 1.3, 3.9 and 5.7% of samples.  Similar to the historical collated data DDE, was the 
most prevalent of the DDTs, with the exception of Malabar WWTP.  At Malabar WWTP, 
both DDT and DDD were detected in 4.6 and 15.8 % of samples respectively.  This 
finding is unusual and suggests that DDT was being used within the area or that DDT 
was being released as a by-product of other pesticides such as dicofol.  DDT and DDD 
were rarely detected in samples from the other WWTPs, which is in accordance with the 
collated data survey.  The concentration of Total DDT was significantly different 
between years, declining from a mean of 0.43 mg kg-1 in 1995 to 0.02 mg kg-1 in 2006, 
and WWTPs with mean concentrations ranging from 0.02 to 0.19 mg kg-1.  
5.3.3.1 Dieldrin and chlordane 
The concentrations of dieldrin and chlordane in sewage sludges generated from each of 
the WWTP analysed between the years 1995 and 2006 were all highly correlated (Figure 
5-7). The other feature that is apparent is the change in detection limit between 1995-
2001 (dl = 0.1 mg kg-1 dw) and 2001 – 2006 (dl = 0.01 mg kg-1 dw).  It seems unlikely 
that this drop in concentrations is in fact a real observation and it is thought that it is 
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related to the changing analytical methodology.  However, over this period of time the 
frequency of detection has also decreased. 
 
Figure 5-7 Plot of dieldrin and chlordane concentration mg kg-1 between the years 1995 and 2006.  NOTE: 
Change in detection limit from 0.1 mg kg-1 to 0.01 mg kg-1 at 2001 marked by red line 
 
Given that the sampling events did not occur on the same day or with the same frequency 
the statistical analysis of this data is slightly problematic.  Treatment of samples less than 
the detection limit will also affect the quality of the statistical analysis.  A comparison of 
the overall yearly average of dieldrin and chlordane is presented in Figure 5-8.  
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Figure 5-8 Yearly average of dieldrin and chlordane concentration mg kg
-1
 dw comparing different statistical 
approached for samples below the detection limit; values below the detection limit have been substituted with 
zero (0), treated as missing data (*) or half the detection limit (0.5). 
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This figure demonstrates that the regardless of the statistical approach undertaken the 
trend observed is consistent.  Values below the detection limit treated as missing data (*) 
amplify the apparent concentration and does not utilize all the available information.  
Treating values below the detection limit as zero is also unrealistic, particularly with 
respect to changing in detection limit in 2001.  Treating values below the detection limit 
as half the detection limit was seen as the best approach as it incorporates this data into 
the overall average and is a more realistic average. 
The approach to analyse for correlations was to create a categorical variable of month-
year using half the detection limit.  All samples were analysed at the same laboratory and 
the change in detection limit occurred simultaneously for all WWTPs.  Using this 
categorical variable it was determined that not is the concentration dieldrin and chlordane 
correlated within each of the WWTPs , but they are correlated between the respective 
WWTPs Table 5-13. 
Table 5-13 Correlation coefficient matrix (R) of concentration of dieldrin and chlordane at WWTPs using monthly average 
between the years 1995 and 2006; all correlations are highly significant P<0.05.  Correlation of concentrations compared to 
monthly averages of temperature rainfall and temperature (R) and significance (P). 
 
WWTP 
D1 
WWTP 
C1 
WWTP 
D2 
WWTP 
C2 
WWTP 
D3 
WWTP 
C4 
WWTP 
D4 
WWTP 
C4 
WWTP 
D5 
WWTP 
C5 
WWTP C1 0.73 * * * * * * * * * 
WWTP D2 0.731 0.753 * * * * * * * * 
WWTP C2 0.498 0.733 0.662 * * * * * * * 
WWTP D3 0.85 0.805 0.859 0.626 * * * * * * 
WWTP C4 0.663 0.944 0.689 0.793 0.786 * * * * * 
WWTP D4 0.784 0.791 0.757 0.592 0.845 0.765 * * * * 
WWTP C4 0.579 0.848 0.641 0.855 0.708 0.898 0.722 * * * 
WWTP D5 0.587 0.677 0.611 0.644 0.686 0.762 0.663 0.683 * * 
WWTP C5 0.551 0.792 0.569 0.682 0.683 0.904 0.706 0.789 0.786 * 
Rainfall (R) 0.242 0.16 0.103 0.000 0.154 0.132 0.154 0.048 0.067 0.122 
Rainfall (P) 0.004 0.061 0.243 0.997 0.097 0.157 0.073 0.573 0.536 0.258 
Temp (R) 0.011 -0.025 0.009 -0.059 0.044 -0.034 -0.001 -0.043 -0.194 -0.065 
Temp (P) 0.898 0.775 0.921 0.506 0.641 0.719 0.992 0.614 0.07 0.545 
 
This correlation is also demonstrated graphically in Figure 5-9.  This work provides clear 
evidence of the movement of dieldrin and chlordane from the environment and into the 
WWTP.  Within Australia, both these compounds were primarily used on wood in 
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domestic properties for the treatment of termites.  Rainfall was thought to be influence 
the concentration of these pesticides within the WWTP however a correlation between 
the rainfall and concentration could not be established. 
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Figure 5-9 Comparison in dieldrin and chlordane concentration mg kg
-1
 dw between the years 1995 and 2006 
from Quakers Hill WWTP (QH), Wollongong WWTP (W), St Mary’s WWTP (SM) and Glenfield WWTP (G) 
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5.3.3.2 Polychlorinated biphenyls  
PCBs were detected in four of the six WWTPs.  These were Wollongong, Glenfield, 
Quakers Hill and St Mary detected in 16.0, 11.0, 2.3 and 2.7 % of samples respectively.  
No correlation trends were observed between WWTPs, Figure 5-10. 
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Figure 5-10 PCB concentration mg kg-1 dw at four NSW WWTPs (Glenfield, Quakers Hill, St Mary and 
Wollongong) between the years 1995 and 2006. 
 
5.4 CONCLUSION 
The result of three studies investigating the concentration of OCPs and PCBs in 
Australian biosolids has been reported.  The first of these was a collation of routine 
analytical data from biosolids producers from various states of Australia.  Results from a 
total of 829 sewage sludges that were analysed for OCCs were included for data analysis. 
The major compounds detected in Australian sewage sludges between the years 2004 and 
2006 from New South Wales, Queensland, Tasmania, Victoria and Western Australia 
were dieldrin, chlordane and DDE detected in 68%, 27% and 13% of samples at 
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maximum concentrations of 0.77, 0.30 and 0.27 mg kg-1 dw, respectively.  Many of the 
other OCPs and PCBs were rarely detected and compounds such as lindane were not 
detected in any sample of this survey, including in analysis of sludge over ten years from 
five WWTPs.  A survey of Australian sludges was also undertaken and samples were 
collected from all States of Australia and included urban and rural sources.  Only dieldrin 
and chlordane were detected in these samples, detected in five and one of the thirteen 
samples. 
An analysis of a time series of OCCs in sewage sludge generated from six NSW WWTPs 
between the years 1995 and 2006 analysed approximately weekly supported the collated 
data study.  Many compounds were rarely detected.  These include lindane, aldrin and 
other such as HCB, heptachlor, DDT, DDD and PCBs.  A significant correlation was 
determined between the concentration of dieldrin and chlordane concentration in sludges 
from each WWTPs.  This correlation was also demonstrated to exist between WWTPs 
also.  This finding demonstrates that dieldrin and chlordane are moving from the 
environment and into the WWTP as a result of the same physical process. 
This research demonstrates that many OCPs and PCBs are no longer contaminating 
Australian sewage sludge.  Of the OCPs that were regularly detected the concentrations 
and frequency of detected have been demonstrated to be declining between the years 
1995 and 2006.  However, this demonstrates the high persistence of these compounds and 
the long periods required to depurate them from the Australian environment.  
Furthermore these results demonstrate that compliance monitoring of these particular 
OCPs in Australian sewage sludge for use as biosolids is probably unnecessary.   
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6.1 INTRODUCTION 
Phthalates aicd esters (PAEs) are diesters of phthalic acid – benzene -1,2-dioic acid (Figure 
6-1) and they have been in used for over 50 years, mainly in the manufacture of resins and 
plasticizers, such as PVC (Fromme et al., 2002).  PVC is used to make a diverse range of 
products such as building materials, home furnishings, transportation materials, clothing and 
to a limited extent food packaging and medicinal products.  In addition, PAEs are used in 
other non-PVC applications such as paints, rubber products, adhesives and some cosmetics.  
An important property of phthalates in their role as plasticizers is that they soften resins 
without chemically binding with them and as a consequence they can easily leach from 
products and into the surrounding environment.  The PAE content of these products generally 
ranges from 20 to 40%, but for some uses it is up to 55% (Fatoki & Vernon, 1990).  The most 
common phthalate is bis(2-ethylhexyl)phthalate, commonly known as DEHP, with 
approximately 95% of DEHP production being directed towards plasticizer use, particularly 
in PVC products such as tubing and medical device components.  The major trend in the past 
two years has seen a reduction in the use of DEHP due to fears that this chemical is an 
endocrine disruptor, and an increase in other phthalate plasticizers, in particular diisononyl 
phthalate (DINP) and diisodecyl phthalate (DIDP) (Cadogan, 2002), which may be more 
environmentally persistent. 
There is a substantial amount of contradictory information that has been published in the 
phthalate research area and the quoting of studies that have not been published within peer-
reviewed scientific journals has propagated unreliable reports.  For example ‘The European 
Commission Third Draft of Numerical Limit on Biosolids Land Application’ states that “the 
substances [phthalates] have a potential for uptake in plants”, citing conference proceedings.  
This claim is however, not supported by the body of scientific literature (European 
Commission, 2001).  This same report was quoted again to support the following statement: 
“these compounds [phthalates] have a potential for uptake in plants and are toxic to soil 
organisms” (Abad et al., 2005).  While these claims may be true and given its importance, the 
scientific evidence does not support these claims and this research should be published within 
a suitable peer-reviewed scientific journal.  Evidence has shown that PAEs are not 
environmentally persistent and are readily degraded in soils and sewage sludge under both 
aerobic and anaerobic conditions (Keyser et al., 1976; Walker et al., 1984; Group, 1986; 
Staples et al., 1997).  It has been demonstrated that phthalates will not accumulate in 
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mammals even when fed a high diet of PAES (Giam et al., 1984) and organisms that were 
exposed to PAEs were quickly able to rid their bodies of phthalates once the stress (i.e. 
PAEs) has been removed (Giam et al., 1984).   
6.1.1 Chemical Properties 
The most common phthalates are listed in Table 6-1 and a basic chemical structure is 
supplied in Figure 6-1.   In most cases phthalates are liquids with very high boiling points 
ranging from 230°C to 486°C (Staples et al., 1997), low water solubility and very low vapour 
pressures (See Table 2-2).  The low vapor pressure is important as it contributes to their 
general stability in plastics where they are used to impart flexibility to plastics (Fatoki & 
Vernon, 1990).   
Table 6-1 Eighteen commercial phthalate esters, abbreviation and CAS number 
Abbreviation Phthalate Ester CAS No. 
DMP Dimethyl Phthalate 113-11-3 
DEP Diethyl Phthalate 84-66-2 
DAP Diallyl Phthalate 131-17-9 
DPP Dipropyl Phthalate 131-16-8 
DnBP Di-n-Butyl Phthalate 84-74-2 
DIBP Diisobutyl Phthalate 84-69-5 
BBP Butylbenzyl Phthalate 85-68-7 
DHP Dihexyl Phthalate 84-75-3; 68515-50-4 
DnOP Di-n-Octyl Phthalate 117-84-0 
BOP Butyl 2-EthylHexyl Phthalate 85-69-8 
610P Di(n-Hexyl, n-Octyl, n-Decyl) 
Phthalate 
25724-58-7; 68515-51-5 
DEHP Di(2-Ethylhexyl) Phthalate or 
Bis(2-Ethylhexyl) Phthalate 
117-81-7 
DIOP Diisooctyl Phthalate 27554-26-3 
DINP Diisononyl Phthalate 28553-12-0; 68515-48-0 
DIDP Diisodecyl Phthalate 26761-40-0; 68515-49-1 
D711P Di(Heptyl, Nonyl, Undecyl) Phthalate 3648-20-2; 68515-44-6; 68515-45-7; 
111381-89-6; 111381-90-9; 111381-
91-0 
DUP Diundecyl Phthalate 3648-20-2 
DTDP Ditridecyl Phthalate 119-06-2; 68515-47-9 
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(a) 
 
(b) 
 
Figure 6-1 (a) Generic structure of phthalates where R and R' represent the organic chains; (b) is the most common 
phthalate di(2-ethylhexyl)phthalate 
 
Table 6-2 Physical properties of eighteen phthalate acid esters 
Compound Formula Alkyl 
Length 
Molecular Weight Melting 
Point 
Log KOW VP (mm Hg, 
~25°C) 
DMP C10H10O4 1 192.2 5.5 1.61 2.0 × 10-3 
DEP C12H14O4 2 222.2 -40 2.38 1.0 × 10-3 
DAP C14H14O4 3 246.2 -- 3.25 6.0 × 10-4 
DPP C14H18O4 3 250.3 -- 3.49 5.6 × 10-4 
DnBP C16H22O4 4 278.4 -35 4.45 2.7 × 10-5 
DIBP C16H22O4 4 278.4 -58 4.11 2.9 × 10-4 
BBP C19H20O4 4,6 312.4 -35 4.59 5.0 × 10-6 
DHP C20H30O4 6 334.4 -27.4 6.30 5.0 × 10-6 
DnOP C24H38O4 8 390.6 -25 8.06 1.0 × 10-7 
BOP  6,8 334.4 [278.4-390.6] -37 6.28 1.1 × 10-7 
610P  6,8,10 404.6 [334-447] -4 7.25 4.9 × 10-6 
DEHP C24H38O4 8 390.6 -47 7.50 1.0 × 10-7 
DIOP  8 390.6 [376.6-390.6] -46 8.00 1.0 × 10-6 
DINP  9 418.6 [418.6-432.6] -48 >8.0 <5.0 × 10-7 
DIDP  10 446.7 [432.7-446.7] -46 >8.0 <5.0 × 10-7 
D711P  7,9,11 418.6 [362.6-474.7] <-50 >8.0 <5.0 × 10-7 
DUP  11 447.7 [432.7-474.7] -9 >8.0 <5.0 × 10-7 
DTDP  13 530.8 [506.8-544.8] -37 >8.0 <5.0 × 10-7 
Reproduced from (Staples et al., 1997) 
[ ] molecular weight range of isomer 
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6.2 SEWAGE SLUDGE 
There is little information internationally on the average concentration of phthalates in 
sewage sludge.  Similarly there is no published work within Australia on this topic.  
Therefore the discussion of this topic becomes somewhat problematic as there is a lack of 
baseline data from which to derive the typical levels throughout the years.  The authors 
approach has been to summarize chronologically relevant articles that have been published 
within English peer reviewed scientific journals.  
6.2.1 Historical Levels 
Only a handful of international studies have reported PAE concentrations in sewage sludge 
and there are none from Australia.  It is expected that the concentration of PAEs will have 
increased in sewage sludge and the environment generally that is proportional to their use 
within society, however the evidence is not available to support this claim.  Much work has 
investigated the degradation of phthalates within sludge but there is a scarcity of data on 
historical levels. 
In 2002, Fromme et al. reported the concentration of DEHP and DBP in a variety of 
environmental samples including fifteen German sewage sludge samples, finding 
concentrations of 20 to 110 mg kg-1 dw and 0.2 and 2 mg kg-1 dw respectively (Fromme et 
al., 2002).  In 2003, Fauser et al. reported the concentration of phthalates through a Denmark 
WWTP process.  The main phthalate present was DEHP with levels reported at 3.51 and 
61.11 mg kg-1 dw for primary sludge (Fauser et al., 2003).  In the first of two studies 
published by Marttinen et al. in 2003 DEHP was found to be the main phthalate present in 
sludge from four WWTPs with the concentration ranging between 28 and 203 mg/kg d.w. 
(Marttinen et al., 2003b).  In a study that investigated the removal of DEHP Marttinen et al. 
found a concentration of DEHP in wet sludge of 110 mg/kg (Marttinen et al., 2003b).  In 
2003 Bright et al. published the results of a Canadian study that measured the concentration 
of a range of organic pollutants including PAEs.  While all six main PAEs were detected, the 
concentrations were low: highest values BBP 1.3, DEHP 11, DBP  0.46,  DEP 0.59 and DMP 
1.5 mg kg-1 dw; average concentrations BBP 0.38 DEHP 2.7 DBP 0.15  DEP 0.15 and DMP 
0.13 mg kg-1 dw (Bright & Healey, 2003).  In 2005, Abad et al. reported the concentration of 
a range of DEHP Spanish sewage sludge samples (n=139) from sludges over a number of 
years and different WWTPs (n=20).  The concentration of DEHP was highly variable ranging 
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between 1.5 to 3513.8 mg kg-1 dw.  The DEHP concentrations varied from 18.4 → 16.9 → 
76.8 → 3513.8 → 157.4 → 11.4 mg kg-1 dw over a two year period at one WWTP (Abad et 
al., 2005), which demonstrates the high variability of DEHP levels within sewage sludge.  
The typical concentration was between 10 and 50 mg kg-1 dw (Abad et al., 2005).   This 
concentration range is supported by similar work (Marttinen et al., 2004; Bago et al., 2005; 
Gibson et al., 2005; Oliver et al., 2005).  Oliver et al. reports removal of DEP through a 
trickling filter process at 94-99%, but DEHP removal was more variable at <1-44% (Oliver et 
al., 2005).  The high biodegradability explains why DEP and lower molecular weight 
phthalates are not present in sludge at high concentrations compared to DEHP. 
To summarize the concentration of phthalates is generally low.  The main PAE detected in 
sewage sludge is DEHP, which may be a result of its lower biodegradability.  The typical 
concentration range for DEHP is between 10 and 150 mg kg-1 dw. 
6.2.2 Sources  
The source of phthalates in sewage sludge has not been given adequate attention and there is 
no information that gives an estimate of the concentration of phthalates that are entering the 
WWTPs from domestic and industrial sources.  However, there is a consistency to the levels 
reported in sludge, which suggests a consistent input irrespective of industry, which suggests 
a domestic source (Marttinen et al., 2004; Abad et al., 2005; Bago et al., 2005; Gibson et al., 
2005; Oliver et al., 2005).  Using the example provided by Abad et al. (2005), concentrations 
of DEHP changed in one WWTP from quite dramatically and spiked at one sampling event 
(DEHP concentration 18.4 → 16.9 → 76.8 → 3513.8 → 157.4 → 11.4 mg kg-1 dw over a 
two year period) (Abad et al., 2005).  This suggests that industrial discharges may cause 
elevated levels of DEHP concentrations.  PAEs are well known to degrade during the 
WWTPs and the more water soluble they are, the more likely the phthalate will degrade 
under both aerobic and anaerobic conditions (Shelton et al., 1984; Ziogou et al., 1989; 
Jianlong et al., 2000; Fauser et al., 2003; Marttinen et al., 2004; Amir et al., 2005).   
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Table 6-3 Concentration of di(2-ethylhexyl)phthalate (DEHP) mg kg-1 dw in international sludges 
Country Year n Mean Min Max Reference 
Canada 1989 6 65 3 176 (Webber & Lesage, 1989) 
Germany 2002 15 67.3 28 154 (Fromme et al., 2002) 
Canada 2003 20 2.7 <0.02 11 (Bright & Healey, 2003) 
Finland 2003 13 95 28 122 (Marttinen et al., 2003a) 
Spain 2005 134 67 2 3514 (Abad et al., 2005) 
United Kingdom 2005 1 62 * * (Gibson et al., 2005) 
United Kingdom 2005 * 30 * * (Oliver et al., 2005) 
Denmark 2007 * 67 61 78 (Roslev et al., 2007) 
 
 
6.3 RESULTS AND DISCUSSION 
A survey of Australian sewage sludge was conducted in 2007. Thirteen samples were 
collected from a variety of urban (pop. > 1,000,000) and rural source (pop. < 300,000) from 
all states of Australia.  In this survey of Australian sewage sludges only di(2-ethylhexyl) 
phthlalate (DEHP) was detected.  The other common phthalates dimethyl, diethyl, di-n-butyl, 
benzyl butyl and di-n-octyl phthalate were all below the detection limit of 1 mg kg-1 dw.  The 
raw data is presented with Table 6-4. 
Table 6-4 Concentration of phthalates in 13 sewage sludge samples collected from Australia in 2007 mg kg-1 dw 
 Urban WWTPs Rural WWTPs 
 U1 U2 U3 U4 U5 U7 R1 R2 R3 R4 R5 R6 R7 
Dimethyl phthalate <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 
Diethyl phthalate <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 
Di-n-butyl phthalate <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 
Benzyl Butyl phthalate <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 
Di(2-ethylhexyl) phthalate 5.8 44 9.1 3.6 21 28 6.1 39 15 11 15 31 2.9 
Di-n-octyl phthalate <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 
 
The summary statistics of DEHP is presented in Table 6-5.  The results are categorised 
according to overall, rural (population < 300,000) and urban (population > 1,000,000).  A 
dot-plot of the concentration of DEHP categorised according to population is presented in 
Figure 6-2. 
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Table 6-5 Summary statistics of di(2-ethylhexyl) phthalate concentration (mg kg-1 dw) in sewage sludge 2007 
categorized according to population size 
Category N N* Mean StDev Min Med Max 
Overall 13 0 18 14 2.9 15 44 
Rural 7 0 17 13 2.9 15 39 
Urban 6 0 19 16 3.6 15 44 
 
4236302418126
Rural
Urban
DEHP
 
Figure 6-2 Concentration of di(2-ethylhexyl) phthalate (DEHP) at thirteen WWTPs from Australian sewage 
sludges collected in 2007 categorised as rural (population < 300,000) and urban (population > 1,000,000).   
 
An analysis of variance (ANOVA) was performed upon the on the concentration comparing 
urban and rural sources.  Despite the fact that the urban mean DEHP concentration is higher 
(19 mg kg-1 dw) than the rural mean (17 mg kg-1 dw) there is no statistically significant 
difference between the two (P = 0.860).  The consistency of DEHP concentration suggests 
that the origin of this compound into the WWTPs is from domestic sources. 
The concentration of DEHP in sludges throughout the world is similar and typically ranges 
between 10 and 100 mg kg-1 dw.  The concentration of DEHP determined within this study is 
slightly lower than other studies (Figure 6-3).  
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Figure 6-3 Concentration of DEHP mg kg
-1
 dw in the study (Australia (Clarke  2008)) compared to those reported in 
the scientific literature. 
 
6.4 CONCLUSION 
The six most commonly used PAEs were measured in an Australian sewage sludge survey in 
2007 from thirteen sewage sludge samples.  Of the six common PAEs, only di(2-
ethylhexyl)phthalate (DEHP) was detected. The average concentration was found to be 18 
(s.d. 14) mg kg
-1
 dw.  There was no difference observed between the concentration of DEHP 
urban (19 mg kg
-1
 dw) and rural samples (17 mg kg
-1
 dw) suggesting that the origin of this 
compounds to the sewage sludge in from a domestic source.  The land application of sewage 
sludge containing phthalates is unlikely to be a problem given their low concentrations and 
relatively fast rate of decomposition (< 3 months).  Evidence from the scientific literature 
suggests that the European proposed guideline of acceptable DEHP levels of 100 mg kg
-1
 dw 
for sewage sludge land application is precautionary as all PAEs are known to be easily 
biodegraded under both aerobic and anaerobic conditions.  Attempts to protect human health 
and the environment by fast-tracking the phase out of DEHP may pose a higher risk to human 
health as replacement PAEs such as DINP and DIPP are less water soluble and are therefore 
more likely to be environmentally persistent. 
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7.1 INTRODUCTION 
Much research has been undertaken internationally to quantify the risks to human health and 
the environment resulting from biosolids land application.  These have ranged from simple 
general human health risk assessments (Dean & Suess, 1985), exposure models based upon 
chemical properties (Wild & Jones, 1992; Chaney et al., 1996), to screening tools for 
chemical specific risk assessments (Jackson & Eduljee, 1994).   
The RA analysis includes four main elements (IPCS, 1998):  
Hazard Identification + Dose-Response ⇔ 
Exposure Assessment + Risk Characterization 
These are defined by the International Programme on Chemical Safety as (IPCS, 1998): 
• Hazard Identification – Is the identification of the inherent capability of a substance 
to cause adverse effects 
• Assessment of Dose-Response Relationships – Are the relationships between the 
dose of an agent administered or received and the incidence of an adverse effect 
• Exposure Assessment – Is the qualitative and/or quantitative assessment of the 
chemical nature, form and concentration of a chemical to which an identified 
population is exposed from all sources (air, water, soil, diet) 
• Risk Characterization – Is the synthesis of critically evaluated information and data 
from exposure assessment, hazard identification and dose-response considerations into 
a summary that identifies clearly the strengths and weaknesses of the database, the 
criteria applied to evaluation and validation of all aspects of metholodogy, and the 
conclusions reached from the review of scientific information. 
From the data collected for this thesis and published toxicological data a conventional human 
health risk assessment (RA) for the agricultural land application of treated sewage 
sludge/biosolids from organic pollutants has been completed for the chemicals of concern 
(COC) discussed in the preceding chapters.   The COC are: 
1. Polychlorinated dibeznzo-p-dioxins, polychlorinated dibenzofurans and “dioxin-like” 
polychlorinated biphenyls; collectively termed “dioxin-like compounds” or “dioxin-
like PCDD/Fs & PCBs” 
2. The brominated fire retardants – polybrominated diphenyl ethers (PBDEs) and 
polybrominated biphenyls (PBBs) 
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3. Organochlorine pesticides (OCPs) 
4. Polychlorinated biphenyls (PCBs) 
5. Phthalate acid esters (PAEs) 
The aims of this RA are to: 
• Quantify the risks to human health by the land application of treated sewage 
sludge/biosolids contaminated with the COCs 
• Determine concentrations of these organic pollutants in soil likely to result in exposure 
equivalent to the tolerable daily intake 
• Provide a scientific methodology to evaluate the risk to human health from other 
organic pollutants 
7.2 HAZARD IDENTIFICATION & DOSE-RESPONSE RELATIONSHIP 
The purpose of hazard identification is to evaluate the weight of evidence for adverse effects 
in humans based on assessment of all available data of toxicity and mode of action.  It is 
designed primarily to address two questions: (a) whether an agent may pose a health hazard to 
humans, and (b) under what circumstances can an identified hazard be expressed. 
7.2.1 Chemicals of Concern 
The COCs that have been reviewed are listed in Table 7-1. 
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Table 7-1 List of organic pollutants that has been studied as part of this research 
Dioxin-like compounds PBDEs/PBBs Organochlorine pesticides 
Chlorinated dibenzo-p-dioxins BDE 17 Aldrin 
2,3,7,8-TCDD BDE 28 + 33 gamma-BHC (Lindane) 
1,2,3,7,8-PentaCDD BDE 30 alpha-BHC 
1,2,3,4,7,8-HexaCDD BDE 47 beta-BHC 
1,2,3,6,7,8-HexaCDD BDE 49 delta-BHC 
1,2,3,7,8,9-HexaCDD BDE 66 trans-Chlordane 
1,2,3,4,6,7,8-HeptaCDD BDE 71 cis-Chlordane 
OctaCDD BDE 77 Oxychlordane 
Chlorinated dibenzofurans BDE 85 Dieldrin 
2,3,7,8-TCDF BDE 99 pp-DDE 
1,2,3,7,8-PentaCDF BDE 100 pp-DDD 
2,3,4,7,8-PentaCDF BDE 119 pp-DDT 
1,2,3,4,7,8-HexaCDF BDE 126 Endrin 
1,2,3,6,7,8-HexaCDF BDE 138 + 166 Endrin Aldehyde 
1,2,3,7,8,9-HexaCDF BDE 139 Endrin Ketone 
2,3,4,6,7,8-HexaCDF BDE 140 alpha-Endosulfan 
1,2,3,4,6,7,8-HeptaCDF BDE 153 beta-Endosulfan 
1,2,3,4,7,8,9-HeptaCDF BDE 154 Endosulfan Sulfate 
OctaCDF BDE 156 + 169 HCB 
Non-ortho-substituted PCBs BDE 171 Heptachlor 
3,4,4′,5-TetraCB (81) BDE 180 Heptachlor epoxide 
3,3′,4,4′-TetraCB (77) BDE 183 Methoxychlor 
3,3′,4,4′,5-PentaCB (126) BDE 184 Polychlorinated biphenyls 
3,3′,4,4′,5,5′-HexaCB (169) BDE 191 Aroclor 1016 
Mono-ortho-substituted PCBs BDE 196 Aroclor 1221 
2,3,3′,4,4′-PentaCB (105) BDE 197 Aroclor 1232 
2,3,4,4′,5-PentaCB (114) BDE 201 Aroclor 1242 
2,3′,4,4′,5-PentaCB (118) BDE 203 Aroclor 1248 
2′,3,4,4′,5-PentaCB (123) BDE 204 Aroclor 1254 
2,3,3′,4,4′,5-HexaCB (156) BDE 205 Aroclor 1260 
2,3,3′,4,4′,5′-HexaCB (15) BDE 206 ΣPCBs 
2,3′,4,4′,5,5′-HexaCB (167) BDE 207 Phthalate acid esters 
2,3,3′,4,4′,5,5′-HeptaCB (189) BDE 208 Dimethyl phthalate 
 BDE 209 Diethyl phthalate 
 ΣPBDE Di-n-butyl phthalate 
 PBB-153 Benzyl Butyl phthalate 
  Bis(2-ethylhexyl) phthalate 
  Di-n-octyl phthalate 
 
Rather than performing a RA for each of the COCs the analytes for inclusion in the full risk 
assessment analysis has be reduced.  
Chapter 7 
- 212 - 
Dioxin-like PCDD/Fs & PCBs have been reduced to a single unit, reported as unit-less 
toxicity equivalence or ng TEQ kg-1 dw, which is essentially equivalent to the concentration 
of 2,3,7,8-tetraCDD in the sample.  The TEQ system employed should be the most recent 
internationally agreed upon system such as that proposed by the World Health Organization in 
2005 (Van den Berg et al., 2006).  Summarising the concentration of dioxin-like compounds 
into a single TEQ value that poses some problems for the assessment of exposure pathways as 
chemicals properties vary with degree of chlorination.  If variation in chemical properties 
results affects the magnitude of exposure, then the chemical property resulting in the greatest 
exposure will be used. 
There are 209 PBDEs isomers, but specific congeners that are characteristic of the 
commercial PBDE formulations used domestically and internationally are known (Chapter 4).  
Therefore ΣPBDE is defined as the sum of the seven prominent PBDE congeners 47, 99, 100, 
153, 154, 183 and 209 that are representative of the pentaBDE, octaBDE and decaBDE 
commercial formulations.  Similarly to the dioxin-like compounds, the chemical properties 
vary with increased bromination and the chemical properties that results in the greatest 
exposure will be used in the RA.  Polybrominated biphenyls are not common environmental 
pollutants and only brominated biphenyl 153 (BB153) was detected in the surveys discussed 
in Chapter 4.  PBBs have been included in the RA despite a lack of empirical knowledge of 
the biosolids concentration levels. 
Many of the OCPs listed in Table 7-1 are not present in sewage sludge at detectable levels, so 
have not be included in this RA.  These compounds include lindane, aldrin and 
hexachlorobenzne.  The OCPs that will be included for RA analysis are diedrin, chlordane 
and Total DDT. 
Despite the low frequency of detection of PCBs in Australian sewage sludge/biosolids (<1%), 
they have been included.  Total PCBs (ΣPCB) is defined in terms of congeners (1, 5, 18, 31, 
44, 52, 66, 87, 101, 110, 138, 141, 151, 153, 170, 180, 183, 187 and 206 (U.S. EPA, 1998)), 
rather than Arochlors (commercial formulations). 
Of the PAEs, only di(2-ethylhexyl) phthalate (DEHP) in the Australian sewage sludge survey 
(2007) and is the only PAE included in this RA.   
The reduced list of COCs for which RA has been undertaken and the typical levels in 
Australian sludge samples are shown in Table 7-2.   
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Table 7-2 Identified chemicals of concern in biosolids that will be included in the risk assessment and their 
typical concentrations in Australian biosolids 
 Typical concentration in Australian sewage sludge 
Compounds Mean SD Min Med Max N CB95 Unit 
Dioxin-like 
PCDD/Fs&PCBs 
5.3 4.3 1.2 4.2 15.3 16 14 ng WHO05 
TEQ kg-1 dw 
ΣPBDEs  1130 1056 5 810 4230 16 3200 µg kg-1 dw 
BB-153 0.55 0.52 0.04 0.45 2.2 16 1.6 µg kg-1 dw 
Total DDT 0.04 0.05 <0.01 <0.01 0.27 829 0.14 mg kg-1 dw 
Dieldrin 0.05 0.06 <0.01 0.04 0.77 829 0.17 mg kg-1 dw 
Chlordane 0.03 0.03 <0.01 <0.01 0.30 829 0.09 mg kg-1 dw 
ΣPCBs 0.26 0.14 <0.01 <0.01 0.41 829 0.54 mg kg-1 dw 
DEHP 18 14 3 15 44 13 46 mg kg-1 dw 
CB95 – biosolids 95th percentile concentration defined as mean plus two standard deviations 
 
7.2.2 Toxicity of Chemicals of Concern 
The tolerable daily intake (TDI) is an estimate of the intake of a substance which can occur 
over a lifetime without appreciable health risk (IPCS, 1998) and is used for maximum residue 
limits (MRL) in produce.  It has in-built safety factors ranging from ten to one hundred that 
depend upon the toxicity data available to assessors.  The tolerable daily intake and 
International Agency for Research on Cancer (IARC) classification is presented in Table 7-3. 
Table 7-3 Summary of human health exposure assessment of chemicals of concern; included tolerable daily intake, IARC 
classification and endocrine disruptor potential 
Compounds Tolerable Daily Intake (kg-1 
bw day-1) 
IARC Classification 
Dioxin-like 
PCDD/Fs&PCBs 
1-4 pg TEQ  
(van Leeuwen et al., 2000) 
2,3,7,8-TCDD is carcinogenic to humans (Group 1); other PCDD/Fs are not 
classifiable as to their carcinogenicity to humans (Group 3). (IARC, 1997) 
ΣPBDEs  0.06 – 0.8 mg 
(NICNAS, 2007) 
1 mg  
(Darnerud et al., 2001) 
No evaluation 
BB-153 2 ng ΣPBB  
(IPCS, 1994) 
No evaluation  
(IARC, 1998b)  
Total DDT 0.002 mg 
(Anonymous, 2008) 
Possibly carcinogenic to humans (Group 2B)  
(IARC, 1999) 
Dieldrin 0.0001 mg 
 (Anonymous, 2008) 
No evaluation  
(IARC, 1998a) 
Chlordane 0.0005 mg 
 (Anonymous, 2008) 
Chlordane is possibly carcinogenic to humans (Group 2B)  
(IARC, 1999) 
ΣPCBs 0.04 mg 
(IPCS, 1992) 
Carcinogenic to humans (Group 1)  
(IARC, 1998b) 
DEHP 0.048 mg 
(CSTEE, 2004)  
DEHP is not classifiable as to its carcinogenicity to humans (Group 3)  
(IARC, 2000) 
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7.2.3 Maximum Residue Limits 
The maximum residue limits (MRLs) arethe maximum acceptable concentrations of COCs in 
agricultural produce (animal, plant).  MRLs are calculated based upon TDIs and exposure to 
chemicals from typical quantities of food ingested.  The typical quantities of food products 
ingested varies according to organization and RA approach (World Health Organisation, 
Joint, FAO/WHO Expert Committee on Food Additives and the US EPA).  The quantities 
used within this RA are an amalgamation of the various international sources.  The typical 
quantities of materials used within this RA are 200 g plant material, 300 mL milk that is 4% 
fat and 50 g animal fat ingested per day (U.S. EPA, 1997).  The range of these typical 
quantities of materials ingested can vary widely and have significant implications for the 
perceived risk.  MRLs exist within Australian for Total DDT, dieldrin and chlordane and 
where they do not exist they have been calculated by equating TDI of an adult of 70 kg with 
consumption of produce listed above. 
Table 7-4 Maximum residue limits in plant material, beef fat and milk fat 
Compounds Plant Beef Milk Fat Unit 
Dioxin-like PCDD/Fs&PCBs 1400 5600 23000 pg WHO05 TEQ kg-1 dw 
ΣPBDEs  175000 70000 2920000 µg kg-1 dw 
BB-153 0.70 2.80 12 µg kg-1 dw 
Total DDT 0.70 2.80 12 mg kg-1 dw 
Dieldrin 0.04 0.14 0.60 mg kg-1 dw 
Chlordane 0.18 0.70 2.9 mg kg-1 dw 
ΣPCBs 14 56 233 mg kg-1 dw 
DEHP 17 67 280 mg kg-1 dw 
The MRLs are calculated by equating TDI with consumption of produce; 200 g plant material, 300 mL milk that is 4% fat 
and 50 g animal fat ingested per day (U.S. EPA, 1997). 
 
7.3 EXPOSURE ASSESSMENT 
The US EPA has identified fourteen possible exposure pathways from biosolids that have a 
mixture of human health and ecological endpoints, as well as, identifying highly exposed 
individuals for each of the exposure assessments (Table 7-5) (U.S. EPA, 1999).  A European 
framework that is similar to the US EPA work was recently published (Schowanek et al., 
2004). 
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Table 7-5 Human and ecological exposure pathways examined in the Part 503 rule risk assessment (U.S. 
EPA, 1995) 
 Description Highly Exposed Individuals 
1 biosolids → soil → plant → human Human (except home gardener) lifetime ingestion of 
plants grown in BAS 
2 biosolids → soil → plant → human Human (home gardener) lifetime ingestion of plants 
in BAS 
3 biosolids → human Human (child) ingesting BAS 
4 biosolids → soil → plant → animal → human Human lifetime ingestion of animal products 
(animals raised on forage grown on BAS) 
5 biosolids → soil → animal → human Human lifetime ingestion of animal products 
(animals ingest biosolids directly) 
6 biosolids → soil → plant → animal Animal lifetime ingestion of plants grown on BAS 
7 biosolids → soil → animal Animal lifetime ingestion of BAS 
8 biosolids → soil → plant Plant toxicity due to taking up biosolids pollutants 
when grown in BAS 
9 biosolids → soil → soil organism Soil organism ingesting BAS 
10 biosolids → soil → soil organism → soil organism 
predator 
Predator of soil organisms that have been exposed to 
BAS 
11 biosolids → soil → airborne dust → human Adult human lifetime inhalation of particles (dust) 
(e.g., tractor driver tilling a field) 
12 biosolids → soil → surface water → human Human lifetime drinking surface water and ingesting 
fish containing pollutants in biosolids 
13 biosolids → soil → air → human Human lifetime inhalation of pollutants in biosolids 
that volatilised to air 
14 biosolids → soil → groundwater → human Human lifetime drinking well water containing 
pollutants from biosolids that leached from BAS to 
ground water 
 
For this exposure assessment, biosolids-amended soil (BAS) will be regarded as a single unit 
and the exposure pathways have been re-organised into four categories of human exposure: 
(1) direct human exposure, (2) plant accumulation, (3) animal accumulation, and (4) drinking 
water contamination.  Ecological endpoints should also be considered to complete this 
research; however this is beyond the scope of the present work.  The human health risk 
exposure pathways are listed in Table 7-6 and presented in Figure 7-1.   
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Table 7-6 Pathways of human exposure to organic compounds from agricultural soil amended with biosolids 
DIRECT HUMAN 
EXPOSURE 
P1  
 
A 
B 
Airborne Dust → Human 
Biosolids → Human 
PLANT 
 
 
P2  
 
A 
B 
C 
Soil → Plant (Incorporation) → Human  
Soil → Plant (External) → Human  
Soil → Plant (Vapour Adsorption) → Human  
GRAZING ANIMAL P3   Soil → Grazing Animal → Human 
Soil → Plant → Grazing Animal → Human 
WATER 
CONTAMINATION 
P4  
 
A 
B 
Soil → Runoff → Streams (Drinking Water) → Human/Ecological 
Soil → Percolation → Groundwater (Drinking Water) → Human/Ecological 
 
 
Figure 7-1 Schematic diagram of exposure pathways for humans 
 
7.3.1 Soil Accumulation, Off-Site Movement, & Quality  
The movement, degradation, and change in concentration of organic compounds in soil will 
be affected by four processes: (1) leaching (2) volatilisation (3) horizontal movement and (4) 
biodegradation.  This section details typical concentrations of COCs in Australian soils and 
experimental studies measuring the persistence of these compounds in soil. 
7.3.1.1 Typical Soil Concentrations 
Dioxin-like compounds have been detected in most Australian soils, ranging from the limit of 
detection 0.54 to 3.8 ng WHO98 TEQ kg-1 dw.  The dioxin-like compounds in soils from 
urban and industrial locations were substantially higher than agricultural and remote 
locations.  They have a similar congener profile (i.e. dominated by OCDD and 1,2,3,4,6,7,8-
HpCDD) to sewage sludge (Muller et al., 2004).   
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No studies of PBDEs or PBBs levels in Australian soil have been published.  Atmospheric 
deposition is thought to be the dominant mechanism of soil PBDE contamination globally, as 
they have been detected in remote areas with no source other than atmospheric transport 
possible (Schmid et al., 2007).  PBDEs were measured in surface soils from remote/rural 
locations throughout the United Kingdom and Norway, and concentrations ranged between 65 
and 12 000 ∑PBDE ng kg-1 dw (Hassanin et al., 2004).  Given the lack of Australian data this 
will be used as the background contamination of PBDEs in Australian soils.   
The concentration of OCPs in Australian soils is highly variable and depends upon past land 
use.  The typical concentrations need to be measured on a given agricultural receiving soil.  A 
range of OCP soil concentrations have been reported and conservative estimates will be used 
for this RA of be 0.1 mg kg-1 dw for Total DDT, dieldrin and chlordane (Envirotest, 2002). 
The background concentration of phthalates in Australian soil has not been reported in the 
scientific literature. 
Where the background concentration for a COC is unknown a concentration of zero has been 
used. 
7.3.1.2 Soil Accumulation  
The accumulation of the COCs in BAS has been well documented.  Studies have 
demonstrated that biosolids increase the concentration of dioxin-like compounds in soil, by 2 
- 3%, which is consistent with predicted concentrations increases by Equation 1 (Broman et 
al., 1990).  Biosolids are a principal source of PBDEs to agricultural land.  Increases have 
been reported to range between two and thirteen fold (Matscheko et al., 2002; Sellstrom et al., 
2005) to forty-five fold (Eljarrat et al., 2008), with the highest increase recorded increase in 
all studies for BDE209.  An estimated 1% of the 40,000 tonnes of PCBs sold in the UK are 
present in the UK environment and most of this (93.1%) is associated with soil (Harrad et al., 
1994).  Biosolids are a source of PCBs to soil and much research has been conducted 
internationally on this subject.  However, according to Alcock et al. (1996) atmospheric 
deposition is a greater source of PCBs in the soils than sludges. Biosolids have been reported 
to raise BAS PCBs concentration by five to seventeen times greater than control soils (Alcock 
et al., 1996). 
The addition of biosolids will increase the concentration of organic contaminants in the soil, if 
the biosolids have a greater concentration than the receiving soil.  The concentration of 
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organic contaminants in biosolids amended soil can be calculated by Equation 1 (Jackson & 
Eduljee, 1994). 
! 
C
BAS
= C
S
+
C
B
"AR
D"SD"CF
 
 
Equation 1 
 
CBAS = Concentration of organic contaminant in biosolids amended soil 
CS = Concentration of organic contaminant initially in soil  
CB = Concentration of organic contaminant in biosolids 
AR = Application rate kg/hectare 
D = Density (1.4 × 10-3 kg cm-3) 
SD = Soil depth cm (20 cm) 
CF = conversion factor (1 × 108 cm2/hectare) 
 
While this equation can be applied using varying application rates, substituting in a typical 
application rate (59 × 103 kg ha-1 dw – equivalent to 1.5 NLBAR), soil density (D = 1.4 × 10-
3), soil depth (20 cm) and a conversion factor (CF = 1 × 108 cm2 ha-1) it is possible to use the 
simplified Equation 2. 
 Equation 2 
 
Given that the purpose of this RA is to determine if the concentration of organic pollutants 
within Australian sewage sludge will pose a risk to human health the background soil 
concentrations will be considered to zero for all compounds, allowing the increased risk 
deriving specifically from biosolids to be assessed.  A conservative approach of using the 
CBAS95 has been calculated for COCs, the soil background concentration (CS) as zero and the 
biosolids concentration (CB95) as the mean concentration plus two standard deviations in order 
to approximately the 95th percentile concentration. 
7.3.1.3 Soil Organic Contaminant Persistence 
The persistence of the COCs in BAS has been the subject of much scientific attention, in 
particular dioxin-like compounds and PCBs.  The overall loss of organic chemicals from soils 
! 
C
BAS
=C
S
+ 0.021C
B
Risk Assessment 
- 219 - 
is often biphasic, whereby a short period of rapid dissipation is followed by a longer period of 
slow chemical release (Beck et al., 1995). An unusual finding is that the extractability and 
bioavailability of POPs in soil has been demonstrated to decrease with time; his has been 
demonstrated for OCPs and PBDEs (Mueller et al., 2006). 
Reported half-lives of dioxin-like compounds vary from greater than four years (Molina et al., 
2000) to in excess of twenty years, with over 50% of the PCDD/Fs present in a BAS from 
1972 still present in 1990 (McLachlan et al., 1996), with a greater persistence observed for 
higher chlorinated homologues.  The breakdown of PCDD/Fs in soil may take much longer 
since the principal removal mechanism was thought to be off-site removal (McLachlan et al., 
1996). A comparison of biosolids application methods found that PCDD/F levels decreased 
rapidly with surface applied biosolids which was in contrast to the recalcitrant nature of 
PCDD/Fs from ploughed biosolids (Wilson et al., 1997).  
The persistence of PBDEs in soil was demonstrated with measurements from various field 
experiments, to be greater than four years (Eljarrat et al., 2008) and greater than twenty years 
(Sellstrom et al., 2005).  In both studies, BDE209 had the highest increase of PBDE 
congeners and was significantly elevated in a plot that had last received biosolids twenty 
years earlier (2200 µg kg-1 dw), compared to the control soil (0.75 µg kg-1 dw) (Sellstrom et 
al., 2005).  This suggests that PBDEs and BDE209 are more environmentally persistent than 
currently believed based upon laboratory degradation studies (Soderstrom et al., 2004).  
OCP contamination in BAS has received little attention and according one researcher: 
“considering that past agricultural use of organochlorine pesticides was at rates up to 
approximately 5 kg ha-1 dw, the concentrations observed in sludge are considered trivial” 
(Webber et al., 1996).  However, OCPs in soils can be extremely persistent, i.e. greater than 
ten years. In a long run field experiment beginning in 1953, half-lives of DDT, dieldrin and 
lindane have been estimated to be 20yrs, >20yrs and 3-4yrs respectively and very little 
movement of the OCP to lower layers had occurred (Martijn et al., 1993).  Similarly long 
half-lives were reported in a U.S.A. forest that estimated the half-life of DDT at 20-30 years.  
They found that the concentration of DDT had been reduced from 4 mg kg-1 in 1967 to ~1 mg 
kg-1 in 1993; degrading into equal parts DDT, DDD and DDE (Dimond & Owen, 1996). 
There are contradictory reports on the dominant removal mechanisms for PCBs in soil and 
include volatilisation, physical transport processes and biodegradation (Gan & Berthouex, 
1994).  According to Alcock et al. (1996) the two most important mechanisms of PCB 
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removal were biodegradation and volatilisation, with volatilisation being the most important.  
This contradicts an experiment that compared vapour loss of PCBs from soil and sand, finding 
that there was almost no loss of PCBs by volatilisation from either (Haque et al., 1974).  Half-
lives from a long-term field experiment (1968 – 1994) of ΣPCB was 8.5 years (Alcock et al., 
1996).   
Phthalates are biodegradable under aerobic and anaerobic conditions.  Experimental work has 
demonstrated that soils can cope with concentrations of up to 500 – 1000 mg kg-1 dw with 90 
% of phthalates biodegraded within eighty days (Inman et al., 1984).  An experiment of BAS 
found that while the initial concentration of phthalates in soil was elevated, the concentration 
was reduced to levels similar to unpolluted control fields within three months (Muller & 
Kordel, 1993). 
7.3.1.4 Off-site movement 
The leaching of organic pollutants into groundwater and in runoff will be discussed in 7.3.2.4 
Pathway 4  - Water Contamination, page 234. 
7.3.1.5 Summary of Soil Accumulation and Persistence 
The soil background concentration, 95th biosolids concentration for chemicals of concern 
(CB95), concentration of biosolids-amended soil, (amended with the CB95) (CBAS95) and 
estimated half-life based upon field experiments is provided in Table 7-7 
Table 7-7 Concentration of chemicals of concern in Australian soil (CSB), mean Australian biosolids concentration 
(CB95) and soil amended with biosolids contaminated to the 95th percentile concentration (CBAS95) 
 Typical concentration in Australian sewage sludge 
Compounds CSB CB95 CBAS95 Half Life  
(years) 
Unit 
(Dry weight) 
Dioxin-like 
PCDD/Fs&PCBs 
540 - 3800 14000 294 >20 pg WHO05 TEQ kg-1 
ΣPBDEs  12 3200 67 20 µg kg-1 
BB-153 Unknown 1.6 0.03 Unknown µg kg-1 
Total DDT1 0.1 0.14 0.002 20-30 mg kg-1 
Dieldrin1 0.1 0.17 0.004 20 mg kg-1 
Chlordane1 0.1 0.09 0.001 20 mg kg-1 
ΣPCBs Unknown 0.54 0.006 8.5 mg kg-1 
DEHP Unknown 46 0.97 <0.25 mg kg-1 
1Considerable variation in soil background concentrations 
CSB – Soil Background concentration; CB95 - 95th percentile biosolids concentration (mean + 2sd); CBAS95 predicted 
biosolids-amended soil concentration using soil background concentration of zero 
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7.3.2 Human Exposure Pathways 
7.3.2.1 Pathway 1 – Direct Human Exposure 
In order to assess the toxicity of biosolids, the quantity of sludge to be ingested that is 
equivalent to the TDI and expressed as percentage is presented in Table 7-8.  The body 
weights of an adult have been set at 70 kg for an adult and 15 kg for a child approximately 
two to five years of age (U.S. EPA, 1997).  Other direct exposure routes, inhalation and 
dermal absorption, are thought to make only a very small contribution to exposure from 
contaminated soil (NEPC, 1999b).  This is obviously an unrealistic scenario, but provides an 
initial screening tool; exposure greater than 100% flags COCs as potential risks.
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Table 7-8  Amount of sewage sludge required to be ingested that is equivalent to the tolerable daily intake (unit/kg bodyweight/day) expressed as a percentage; evaluated for soil background (CSB), 
mean biosolids (CB50) and biosolids amended soil (CBAS95) 
     Percentage of Pica equivalent to TDI (kg) 
      Child (15kg) Adult (70kg) 
Compounds TDI CSB CB50 CBAS95 Unit (dw) CSB CB50 CBAS95 CSB CB50 CBAS95 
Dioxin-like PCDD/Fs&PCBs 4 3800 5300 294 pg WHO05 TEQ kg-1 630 880 49.0 68 95 5.25 
ΣPBDEs 500 12 1130 67 µg kg-1 0.0 1.5 0.1 0.0 0.2 0.01 
BB-153 0.002 Unknown 0.55 0.03 µg kg-1 * 183 11.2 * 20 1.20 
Total DDT 0.002 0.1 0.04 0.002 mg kg-1 33 13 0.8 3.6 1.4 0.08 
Dieldrin 0.0001 0.1 0.05 0.004 mg kg-1 670 330 23.8 71 36 2.55 
Chlordane 0.0005 0.1 0.03 0.001 mg kg-1 130 40 2.0 14 4.3 0.21 
ΣPCBs 0.04 Unknown 0.01 0.006 mg kg-1 * 4.3 0.1 * 0.5 0.01 
DEHP 0.048 Unknown 18 0.97 mg kg-1 * 250 13 * 27 1.4 
CSB – Soil Background concentration; CB95 - 95th percentile biosolids concentration (mean + 2sd); CBAS95 predicted biosolids-amended soil concentration using soil background concentration of zero  
1Pica is the ingestion of soil.  Recommended pica exposure factors are 100g for a child and 50g for an adult (U.S. EPA, 1997) 
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The pica ingestion of soil for a child (100 g day-1) and an adult (50 g day-1) have been compared 
to the TDI and expressed as a percentage intake.  The percentage exposure didn’t exceed 100% 
for the adult when comparing against the soil background (CSB), mean biosolids concentration 
(CB50) and the biosolids amended soil (CBAS95). 
The increased exposure resulting from biosolids (CBAS95) did not exceed the tolerable daily 
intake for any of the chemicals of concern.  The percentage intake for a child did exceed the TDI 
for dioxin-like compounds, dieldrin and chlordane from the estimated background soil 
concentration.  There are two reasons for this.  The TDI for each of these compounds is 
extremely low and the pica ingestion of 100 g day-1 is also high.  It is also worth noting that the 
concentrations of these compounds permissible in residential soil, which would result in far 
greater pica exposure are 10 fold higher than the estimated background concentration (NEPC, 
1999a).  If the child ingested 100 g of sewage sludge daily they would receive twice as much 
BB153 and DEHP than recommended by the TDI.  This scenario is highly unlikely.  BAS will 
not significantly increase the exposure of children or adults to organic pollutants.  The increased 
exposure of BAS demonstrated that the adult exposure to chemicals from CBAS95 is below 6 %. 
The child’s exposure was slightly higher for dioxin-like compounds (49% TDI), dieldrin (24% 
TDI) and BB153 (11% TDI) due to lower body weight and greater soil ingestion rates.  Exposure 
from all the other compounds contributed to negligible increase in a child’s TDI exposure. 
Soil contaminant limits have been calculated based upon pica exposure of a 15 kg child directly 
ingesting 100 g soil and a 70 kg adult directly ingesting 50 g soil with the tolerable daily intake 
(Table 7-9).  In some cases (dioxin-like compounds, dieldrin and chlordane) the calculated 
concentration limits based upon child exposure are lower than the soil background levels and the 
concentration limit for dioxin-like compounds is lower than current analytical capabilities (IPCS, 
1989). The concentrations calculated for adult human exposure are all above the soil background 
concentrations and are within the current analytical capabilities.  There are scientific arguments 
about the validity of pica exposure for developing soil quality limits.  While this model of 
exposure is may be unreasonable for the protection of child health (i.e. not allowing children 
with this disorder in contact with BAS), the majority of exposure is already present and biosolids 
will not increase the COCs of concern in soil to be greater than 100% of the TDI.  
Soil quality limits have been calculated using this model of exposure and are presented in Table 
7-9. 
Chapter 7 
- 224 - 
Table 7-9 Soil contaminant limits (unit dw) calculated for an adult (70 kg) and child (15 kg) and pica 
ingestion (adult 50 g, child 100g) 
Compounds Child Adult Unit (dw) 
Dioxin-like PCDD/Fs&PCBs 600 5600 pg WHO05 TEQ kg-1 
ΣPBDEs 75000 700000 µg kg-1 
BB-153 0.300 2.80 µg kg-1 
Total DDT 0.300 2.80 mg kg-1 
Dieldrin 0.015 0.14 mg kg-1 
Chlordane 0.075 0.70 mg kg-1 
ΣPCBs 6 56 mg kg-1 
DEHP 7 67 mg kg-1 
 
7.3.2.2 Pathway 2 - Plant Accumulation 
Plants may accumulate organic pollutants via different pathways: (1) adsorption to the root 
surface, (2) root uptake and transport to the shoot, (3) volatilisation from the soil surface and 
subsequent foliar adsorption, (4) contamination of foliage by soil particles, and (5) atmospheric 
deposition (Hulster & Marschner, 1993).  The contamination of foliage directly with sludge 
(Pathway 1B) will not be considered further as the quantities required to be associated with the 
plant material and ingested daily are considered unreasonably high as demonstrated by the pica 
exposure, where none of the COCs from CBAS95 resulted in exposure greater than the TDI 
(7.3.2.1 Pathway 1 – Direct Human Exposure).  The air-plant mechanism is thought to be far 
greater exposure pathway than the soil-plant pathway (Welsch-Pausch et al., 1995).  This 
ambient atmospheric exposure has increased in the twentieth century (Kjeller et al., 1991) and is 
not unique to BAS and therefore, will not be considered in this RA.  A number of reviews have 
been written on the accumulation of organic compounds in plants from BAS (Paterson et al., 
1990; O'Connor et al., 1991; Fryer & Collins, 2003).  International research into the uptake of 
dioxin-like compounds (Reischl A. et al., 1989; Hulster & Marschner, 1993; Muller et al., 1993), 
PBDEs (Mueller et al., 2006), PBBs (Chou et al., 1978; Jacobs et al., 1978), PCBs (Iwata & 
Gunther, 1976; Fries & Marrow, 1981; O'Connor et al., 1990; Ye et al., 1991; Gan & Berthouex, 
1994) and phthalates (Muller & Kordel, 1993; Sablayrolles et al., 2005) from BAS has been 
completed.  Research focusing in the uptake of OCPs from BAS has received little attention, 
however general plant uptake studies have been completed. 
Despite some contradictions (Suzuki et al., 1977; Kew et al., 1989), most experimental work has 
demonstrated that soil has almost no influence on the concentration of organic compounds in the 
aerial parts of the plant and it is commonly accepted that the contamination of plants occurs 
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largely through atmospheric deposition (Welsch-Pausch et al., 1995).  Experimental studies of 
accumulation of COCs in the aerial plant tissue have found no correlation with soil concentration 
for dioxin-like compounds (Hulster & Marschner, 1993; Muller et al., 1993; Schroll & 
Scheunert, 1993), OCPs (Schroll & Scheunert, 1992), PCBs (Iwata & Gunther, 1976; Ye et al., 
1991; Gan & Berthouex, 1994) and phthalates (Aranda et al., 1989; Muller & Kordel, 1993; 
Sablayrolles et al., 2005).  Studies that have investigated relationships between soil 
concentration and pasture have found no positive relationship (McLachlan et al., 1994; Welsch-
Pausch et al., 1995; Rideout & Teschke, 2004).  These studies demonstrate that most plants 
studied are unable to translocate the COCs into the aerial tissue and also that volatilisation from 
the soil doesn’t contribute to plant contamination. 
Carrots have been demonstrated to absorb a wide variety of organic pollutants, the majority of 
the contaminant is associated with the peel of the carrots, which contains 14% of the carrot mass. 
Experimental studies have shown a seven (Engwall & Hjelm, 2000) and ten-fold increase 
(Muller et al., 1994) for dioxin-like compounds and PCBs (Iwata & Gunther, 1976; O'Connor et 
al., 1991; Ye et al., 1991). in carrots grown in contaminated soils.  A decrease in the uptake of 
soil borne PCDD/Fs (Muller et al., 1994), PCBs (Iwata & Gunther, 1976) into carrots has been 
demonstrated with increasing rate of chlorination (increasing KOW) i.e. decreasing water 
solubility.  Studies that investigated the produce grown in soil contaminated with PBBs that are 
contrary to similar studies of halogenated compounds, reporting no PBB accumulation in radish 
or carrots grown in PBB contaminated soil (Chou et al., 1978; Jacobs et al., 1978). 
The evidence suggests that most plant species are not able to translocate organic pollutants into 
the aerial parts of the plant from contaminated soil.  There are however notable exceptions such 
as zuchinni and pumpkins that are capable of taking up PCDD/F (Huelster et al., 1994) and 
PBDEs (Mueller et al., 2006) from the soil and efficiently translocating it to the leaves and fruits. 
A variety of models are have been developed that predict the uptake, translocation and 
elimination of organic compounds by plants.  Models range from simple deterministic RA 
screening tools (Travis & Arms, 1988) to more complex models that consider physical, 
chemical, and biological process (Paterson et al., 1994).  If the user is concerned with the 
concentration of the compounds over the course of the growing season, then a simple 
equilibrium or steady-state model should prove sufficient (Fryer & Collins, 2003).  The 
adsorption of organic pollutants to plant roots is described by the partition of the organic 
pollutants between the soil and the soil pore water (CPW) coefficient KD (Equation 3). This 
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equilibria can then be applied to the calculation of the root concentration factor, 
! 
RCF =
[Roots]
[External Solution]
, and is described by Equation 3. 
 Equation 3 
 
It has been demonstrated that the RCF is related to KOW by the following equation (Briggs et al., 
1982).  
! 
log10(RCF " 0.82) = 0.77log10KOW "1.52  Equation 4 
The soil organic matter-soil pore water partition coefficient (KOC) is related to KD by Equation 5, 
which is also related to the octanol-water partition coefficient (KOW) by Equation 6.  From this 
equation it is observed that as the organic content (ƒOC) and octanol-water partition coefficient 
increases so does Kd (Equation 7).  
Kd = ƒOC × KOC Equation 5 
KOC = 0.411 KOW Equation 6 
Substituting Equation 6 into Equation 5 gives; 
Kd = 0.411ƒOC × KOW Equation 7 
Incorporating all this together the following formula is derived; 
! 
C
ROOT
=
C
SOIL
"RCF
K
D
 Equation 8 
Where CROOT is the concentration in plant root dw and CSOIL is the concentration in soil dw. 
It is possible to predict the concentration of organic pollutant that will be absorbed from the soil 
by substituting formulae that relate KD and RCF with KOW.  The ratio of RCF to Kd will give the 
fraction adsorption of a given compound based upon the soil concentration to the final plant 
concentration.  The model predicts that as the KOW of a compound increases so do the RCF and 
KD, which makes the more lipophilic compounds less likely to concentrate in the roots.  This is 
consistent with experimental work that demonstrated the ability of organic carbon to decrease 
plant exposure to PCBs (Weber & E. Mrozek Jr, 1979).  The RCF doesn’t change with time and 
it is seen as a partitioning to the lipophilic constituents of the root solids and this partitioning 
accounts for the majority of the RCF (Briggs et al., 1982).  
! 
Soil Organic Matter"
Kd
Soil Pore Water "
RCF
Plant Root
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The concentration of organic compounds in the aerial part of the plant tissue can be calculated by 
the transpiration stream concentration factor which is defined by the concentration of analyte in 
the plant relative to the concentration in the external solution (Paterson et al., 1990); 
! 
TSCF =
Concentration in transpiration stream
Concentration in external solution
. 
 Equation 9 
The efficiency of this translocation appears to reach a maximum for a chemical of logKOW of 
1.8.  Since the TSCF value is always less than unity, Briggs et al. 1982 concluded that chemical 
movement from soils into the shoots is a passive process in the transpiration stream, concluding 
there is no evident relationship between uptake by roots and subsequent translocation to shoots.  
This relationship can be further simplified as the percentage adsorption of the organic compound 
relative to the concentration in the soil given in Equation 10 ([Plant] = concentration in 
transpiration stream). 
 Equation 10 
 
The RCF, TSCF, log KOW and KD for the COCs are given in Table 7-10. 
Table 7-10 Chemical properties and physical constants for the calculation of plant accumulation of organic 
chemicals; RCF – Root concentration factor, TCSF - transpiration stream concentration factor, KD soil – soil pore 
water partition coefficient 
Compounds LogKOW RCF TCSF KD 
Dioxin-like PCDD/Fs&PCBs 6.8 5201 2.6 × 10-5 103729 
ΣPBDEs 6 1260 5.3 × 10-4 16440 
BB-153 6.3 2144 1.8 × 10-4 32802 
Total DDT 5.7 740 1.4 × 10-3 8240 
Dieldrin 6.2 1796 2.6 × 10-4 26056 
Chlordane 5.57 588 2.2 × 10-3 6108 
SPCBs 5.0 215 1.1 × 10-2 1644 
DEHP 7.5 17990 1.2 × 10-6 519878 
 
The concentration of the chemicals of concern has been calculated in the plant tissue based upon 
the RCF (Equation 4) and TSCF (Equation 9) for the soil background (CSB), average biosolids 
concentration and soil amended with biosolids containing 95th percentile of COCs (CBAS95) in 
Table 7-11. 
! 
[Plant] = C
BAS
"
TSCF
Kd
! 
TSCF =  0.784e-[(logK OW -1.78)
2 /2.44]
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Table 7-11 Predicted plant concentration of chemicals of concern if grown in soil background (CSB), mean biosolids (CB50) and biosolids amended soil (CBAS95) 
 Soil Background (CSB) Biosolids (CB50) Biosolids-amended soil (CBAS95)  
Compounds [Root] [Leaves] [Plant] [Root] [Leaves] [Plant] [Root] [Leaves] [Plant] Unit 
Dioxin-like 
PCDD/Fs&PCBs 190.52 9.4 × 10
-7 190.52 265.73 1.3× 10-6 265.73 14.74 7.3 × 10-8 14.74 pg WHO05 TEQ kg-1 
ΣPBDEs 0.92 3.9 × 10-7 0.9 86.59 3.6 × 10-5 86.6 5.15 2.2 × 10-6 5.15 µg kg-1 
BB-153 0.00 * * 0.04 3.0 × 10-9 0.036 0.0022 1.9 × 10-10 0.0022 µg kg-1 
Total DDT 0.009 1.8 × 10-8 0.009 0.004 7.0 × 10-9 0.004 0.0002 4.0 × 10-10 0.0002 mg kg-1 
Dieldrin 0.007 1.0 × 10-9 0.007 0.003 5.0 × 10-10 0.003 0.0002 3.6 × 10-1 0.0002 mg kg-1 
Chlordane 0.010 3.6 × 10-8 0.010 0.003 1.1 × 10-8 0.003 0.0001 5.2 × 10-10 0.0001 mg kg-1 
ΣPCBs 0.00 * * 0.03 1.8 × 10-6 0.03 0.0008 4.3 × 10-8 0.0008 mg kg-1 
DEHP 0.00 * * 0.62 4.1 × 10-11 0.62 0.03 2.2 × 10-12 0.03 mg kg-1 
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The predicted plant concentration of the COCs grown in soil background, mean biosolids 
concentration and biosolids amended soil are compared with the MRL and expressed as a 
percentage of MRL in Table 7-12. 
Table 7-12 Predicted plant concentration grown in soil background (CSB), mean biosolids (CB50) and biosolids 
amended soil (CBAS95) expressed as percentage MRL 
Compounds Soil Background  
(CSB) 
Biosolids  
(CB50) 
Biosolids-amended soil 
(CBAS95) 
Dioxin-like PCDD/Fs&PCBs 13.61 18.98 1.05 
ΣPBDEs 0.00 0.05 <0.01 
BB-153 * 5.14 0.31 
Total DDT 9.00 4.00 0.20 
Dieldrin 35.00 15.00 1.00 
Chlordane 50.00 15.00 0.50 
ΣPCBs * 0.21 0.01 
DEHP * 3.69 0.18 
 
In no instances does the plant concentration exceed the MRL.  The greatest exposure would 
result from exposure to un-diluted biosolids and typical soil background concentrations.  
The predicted increased exposure from BAS was less than 1.05% for all COCs.   
Soil concentration limits have been calculated by using the MRL allowable in the plant 
material and is given Table 7-13. 
Table 7-13 Calculated soil concentration resulting in edible plant concentration 
that is equivalent to the MRL 
Compounds Soil Concentration Unit (dw) 
Dioxin-like PCDD/Fs&PCBs 28000 pg WHO05 TEQ kg
-1 
ΣPBDEs 2284000 µg kg-1 
BB-153 11 µg kg-1 
Total DDT 1.1 mg kg-1 
Dieldrin 0.29 mg kg-1 
Chlordane 0.21 mg kg-1 
SPCBs 110 mg kg-1 
DEHP 490 mg kg-1 
 
Table 7-13 presents the calculation of soil quality limits based upon plant accumulation. 
With the exception of dieldrin and chlordane, these soil quality limits are greater than those 
typically observed in sewage sludge.  Once diluted by 98% (Equation 2) the concentration of 
these compounds in BAS will not pose a risk to human health via this pathway. 
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7.3.2.3 Pathway 3 - Bioaccumulation in Grazing Animals 
The bioaccumulation of POPs in biota resulting from agricultural practices is well 
documented and 80 – 95% of human exposure to POPs is derived from animal products 
(Fries, 2002).  This pathway is “widely identified as the main route of human exposure to 
organic contaminants from the agricultural use of sludge” (Smith, 2000).  Despite this fact, 
only a small number of studies have investigated the accumulation of the COCs into grazing 
animals from BAS: dioxin-like compounds (Fries, 1987; McLachlan et al., 1994; Wild et 
al., 1994), OCPs (Cullen & Connell, 1994), PCBs (Fries, 1982) and phthalates (Giam et al., 
1984; Rhind et al., 2005). As far as the author is aware there have been no studies that have 
measured the concentration of PBDEs in grazing animals and their products.  Management 
practices that are associated with this exposure pathway are a banning of the surface 
application of biosolids and a sixty day with-holding period of grazing animals for ploughed 
plots (EPA Victoria, 2004).  These management practices may be insufficient given the 
persistence of the COCs and the lack of mobility of these compounds in the soil profile. 
Exposure of the animals to the COCs occurs from the ingestion of pasture and soil.  Varying 
estimates on the amount of soil ingested, ranging from 0.5 kg for non-lactating cows (Wild 
et al., 1994) to 1kg (Cullen & Connell, 1994) or ranging from 1 to 14% dw of the forage 
(Fries, 1982) depending on whether the cow is lactating.  However, the quantities of soil 
ingested are related to stocking rates, drought and pasture availability (Wild et al., 1994).  
The bio-transfer factor (BTF) from soil to animal has been determined experimentally for 
dioxin-like compounds of 0.1 (McLachlan et al., 1994), 0.2 for dieldrin and 0.7 for PCBs 
(Fries, 1982).  An experimental study of pasture contaminated with PCBs (Arochlor 1016) 
to 200 mg kg-1 resulted in milk concentration of 5 µg g-1 lipid and a BTF of 0.0025 (Bergh 
& Peoples, 1977).  No relationship between soil and PAE has been demonstrated (Giam et 
al., 1984; Rhind et al., 2005).  Also, PAEs are easily metabolised by the mammals and this 
phenomena can be corrected by the use of a metabolism factor (Giam et al., 1984). 
A variety of models have been proposed for the accumulation of organic compounds in 
grazing animals compared to the ingested quantities (Travis & Arms, 1988). Travis et al. 
(1998) related the biotransfer factor (BTF) to relate beef/milk concentrations of 
physicochemical properties.  Such equations assume a positive linear relationship between 
log KOW and transfer coefficients into beef and milk.  The bio-concentration in milk and fat 
generally decreases with increasing halogenation (McLachlan et al., 1994; Wild et al., 
1994).  It is also known that the potential absorption of organic contaminants through the 
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gastrointestinal tract decreases with increasing log KOW; log KOW > 8.0 less than 35% 
absorption, log KOW between 4.5 and 7.0 approximately 80 % absorption (Duarte-Davidson 
& Jones, 1996).  Soil properties are not thought to influence the bioavailability of organic 
pollutants (Fries & Marrow, 1982; Fries & Marrow, 1992). 
The model of exposure is simply the direct ingestion of contaminated plant material 
(pathway 2) and contaminated soil (pathway 3).  The bio-transfer factor (BTF) based upon 
the octanol/water partition coefficient is seen as an improvement upon early models as 
predicted BTF is a maximum at log KOW  of 5 and decreases with increasing log KOW above 
this (Research Triangle Institute, 2005).  
logBTF = -0.099(log KOW)2 + 1.07log KOW – 3.56  R2 = 0.826 
-0.75 < log KOW < 8.8 
Equation 11 
! 
BTF =  Biotransfer Factor =  
Beef or Milk Concentration (mg kg-1 lipid)
Chemical Intake Rate (mg day-1)
 
 
 
To calculate the estimated concentration of the residue that will accumulate in the animal 
from the soil we must consider two exposure pathways; plant and soil.  The default 
approximations are as follows; a dairy cow weighing 533 kg ingests 10 – 25 kg/day forage, 
non-lactating beef cattle of 267 kg ingests 7 – 10 kg forage/day (Research Triangle Institute, 
2005).  Therefore the forage ingestion rate will be 4% of the animal body weight and 4% of 
forage is associated soil or approximately 500 g day-1.  The concentration of the residue 
consumed will be the amount contained in the forage and that contained in the soil. 
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Table 7-14 Estimated grazing animal accumulation of chemicals of concern from (A) mean biosolids concentration CB50 (B) estimated biosolids amended soil using 95th percentile 
contaminant concentration BAS95; all concentrations are unit dw 
 Soil Background (CSB) Biosolids (CB50) Biosolids-amended soil (CBAS95)  
Compounds [BeefSOIL] [BeefPLANT] [BeefPLANT&SOIL] [BeefSOIL] [BeefPLANT] [BeefPLANT&SOIL] [BeefSOIL] [BeefPLANT] [BeefPLANT&SOIL] Unit (dw) 
Dioxin-like 
PCDD/Fs&PCBs 266 270 533 371 372 743 21 20.6 41 
pg WHO05 
TEQ kg-1 
ΣPBDEs 1.2 1.8 3.04 113 173 286 7 10.3 17 µg kg-1 
BB-153 * * * 0.05 0.06 0.11 0.003 0.0040 0.007 µg kg-1 
Total DDT 0.01 0.02 0.029 0.004 0.01 0.01 0.0002 0.0004 0.001 mg kg-1 
Dieldrin 0.01 0.01 0.023 0.005 0.01 0.01 0.0003 0.0005 0.001 mg kg-1 
Chlordane 0.01 0.02 0.031 0.003 0.01 0.01 0.0002 0.0003 0.000 mg kg-1 
ΣPCBs * * * 0.03 0.07 0.10 0.0007 0.0017 0.002 mg kg-1 
DEHP * * * 0.72 0.50 1.22 0.04 0.0267 0.065 mg kg-1 
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The predicted accumulation of the COCs in animal fat is compared to the MRL for beef and milk 
in Table 7-15. 
Table 7-15 Predicted animal fat concentration fed on pasture grown in soil background (CSB), mean biosolids (CB50) and 
biosolids amended soil (CBAS95) expressed as percentage MRL 
Compounds Soil Background  
(CSB) 
Biosolids  
(CB50) 
Biosolids-amended soil 
(CBAS95) 
 Beef Milk Beef Milk Beef Milk 
Dioxin-like PCDD/Fs&PCBs 9.51 2.28 13.27 3.18 0.74 0.18 
ΣPBDEs < 0.01 < 0.01 0.04 0.01 < 0.01 < 0.01 
BB-153 < 0.01 < 0.01 4.08 0.98 0.25 0.06 
Total DDT 1.05 0.25 0.42 0.10 0.02 0.01 
Dieldrin 16.14 3.87 8.07 1.94 0.58 0.14 
Chlordane 4.39 1.05 1.32 0.32 0.06 0.02 
ΣPCBs < 0.01 < 0.01 0.18 0.04 < 0.01 < 0.01 
DEHP < 0.01 < 0.01 1.81 0.44 0.10 0.02 
 
The concentration of dioxin-like compounds is has the greatest percentage MRL compared to the 
other COCs.  The background exposure of dieldrin and dioxin-like compounds is 16% and 10% of 
the MRL respectively.  However, the addition of the 95th percentile biosolids concentration would 
only increase this exposure by less than 0.2% for all COCs.   
Soil quality limits have been calculated that correspond to the MRL. This calculation was 
performed using two different assumptions.  The first is the field is being used as a source of 
fodder (hay) solely, and the second is that cows will be directly grazing the soil and therefore 
ingesting soil with the plant material.  
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Table 7-16 Soil quality limits for of chemicals of concern calculated for the bioaccumulation model of exposure into beef 
and milk.  Two models of exposure are accounted for; forage solely and pasture (which includes soil ingestion) 
Compounds FORAGE  
 Beef Milk Unit (dw) 
Dioxin-like PCDD/Fs&PCBs 80 × 103 330 × 103 pg WHO05 TEQ kg-1 
ΣPBDEs 45 × 106 19 × 106 µg kg-1 
BB-153 24 99 µg kg-1 
Total DDT 15 62 mg kg-1 
Dieldrin 1.1 4.5 mg kg-1 
Chlordane 3.5 14 mg kg-1 
ΣPCBs 200 850 mg kg-1 
DEHP 2400 10 × 103 mg kg-1 
Compounds FORAGE & SOIL  
 Beef Milk Unit (dw) 
Dioxin-like PCDD/Fs&PCBs 13 × 103 68 × 103 pg WHO05 TEQ kg-1 
ΣPBDEs 1.5 × 106 6.3 × 106 µg kg-1 
BB-153 6.7 28 µg kg-1 
Total DDT 1.7 12 mg kg-1 
Dieldrin 3.1 0.92 mg kg-1 
Chlordane 1.7 0.28 mg kg-1 
ΣPCBs 120 480 mg kg-1 
DEHP 105 × 103 440 × 103 mg kg-1 
 
7.3.2.4 Pathway 4  - Water Contamination  
The leaching of organic contaminants into the groundwater can be related to a compound’s soil 
organic matter-water partition coefficient KOW.  Compounds with log10KOW greater than 3.7 are 
immobile in soil (Wilson et al., 1996).  Similarly compounds with Kd > 1000 tend to become in-
activated by soil sorption (Hagenmaier et al., 1992).  Wilson et al. (1996) provided a formula that 
relates the sol organic matter- soil pore water partition coefficient (KOC) and chemical half-life 
with the potential for groundwater contamination termed the “groundwater ubiquity score” (GUS) 
Equation 12.  
! 
GUS = log10 t1/ 2 " (4 # log10KOC )
> 2.8 Leacher
1.8 -  2.8 Transitional zone
< 1.8 Non - leacher  
Equation 12 
 
Given the high KOWs of these compounds they will also be strongly retained by sediments should 
they percolate to the groundwater.  The off-site movement of organic compounds via rainfall has 
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been demonstrated.  However, simple control measures in-place within Australia, such as 
restrictions on field gradient slopes and proximity to groundwater bodies will prevent drinking 
water exposure.  Both the risk to human health via contaminated drinking water and ecological 
risk are considered negligible. Therefore, the leaching of these compounds into groundwater is 
considered unlikely. 
7.4 RISK CHARACTERIZATION 
Models were developed to predict the concentration of compounds that are likely to accumulate 
through the different human exposure pathways.  These models and the risk pathways are 
summarised in Table 7-17 and represented in Figure 7-1. 
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Table 7-17 Pathways of human exposure to organic compounds from agricultural soil amended with biosolids 
 Pathway Physical Likelihood Risk of 
Exposure 
 DIRECT HUMAN EXPOSURE   
1A Airborne Dust → Human At risk population is on-site workers and 
neighbouring populations, minimised by 
simple control measures 
Low 
1B Biosolids → Human Considered low.  Biosolids chemical 
concentrations can be compared to TDI and 
pica soil ingestion rates as initial screen of 
chemicals of concern.  May give unreasonably 
high estimates of concern. 
Low 
 PLANT   
2 Soil → Plant → Human   
2A Plant Incorporation 
 
OCs can be incorporated into plant via two 
mechanisms: root adsorption and translocation.  
Both of these mechanisms are thought to 
contribute negligibly to plant contamination.  
Can be calculated using to the root 
concentration factor (RCF): 
log(RCF – 0.82) = 0.77 log KOW – 1.52 
(Equation 4) 
Medium 
2B Direct external contamination via biosolids application If biosolids are not applied after the plant is 
growing then there is little opportunity for 
direct exposure.  Even though there is little 
likelihood of constant human exposure via this 
pathway the concentration of BAS soil can be 
compared to TDI and this demonstrates that 
risk is low. 
Low 
2C Contamination of plant via vapour adsorption The adsorption of OCs from the atmosphere is 
considered to main route of plant 
contamination.  This contamination is 
universal.  The soil-plant vapour transport 
pathway is considered negligible.  
Low 
 GRAZING ANIMAL   
3 Soil → Plant → Grazing Animal → Human This scenario involved the feeding of forage to 
cattle grown on BAS.  Comparison of TDI 
versus concentration demonstrates that the risk 
via this pathway is minimal. Can be calculated 
using to the bio-transfer factor (BTF); 
logBTF = -0.099(log KOW)2 + 1.07log KOW – 
3.56 (Equation 10) 
High 
 WATER CONTAMINATION   
4A Soil → Runoff → Streams (Drinking Water) → 
Human/Ecological 
POPs are highly lipophilic and therefore highly 
retained in the soil profile and off-site 
movement is expected to be unlikely 
Low 
4B Soil → Percolation → Groundwater (Drinking Water) 
→ Human/Ecological 
POPs are highly lipophilic and therefore 
percolation is unlikely 
Low 
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BIOSOLIDS AMENDEND SOIL 
! 
C
BAS
= C
S
+
C
B
" AR
D " SD "CF
 
 
CBAS = Concentration of organic contaminant in biosolids amended soil 
CS = Concentration of organic contaminant initially in soil  
CB = Concentration of organic contaminant in biosolids 
AR = Application rate kg/hectare 
D = Density (1.4 × 10-3) 
SD = Soil depth cm (20 cm) 
CF = conversion factor (1 × 108 cm2/hectare) 
 
HUMAN 
Initial Screening of 
Compounds 
Exposure = TDI × pica × CBAS 
 
PLANT 
! 
log10 (RCF " 0.82) = 0.77 log10 KOW "1.52
 Soil property: Kd = ƒOC × 
KOC 
 
GRAZING ANIMAL 
Includes plant and soil ingestion 
! 
log10 BTF = "0.099log10 KOW
2
+1.07log10 KOW " 3.56      - 0.75 < logKOW < 8.8
                                                                                           R2 = 0.826
BTF = Biotransfer factor =
Beef of Milk Concentration (mg/kg lipid)
Chemical Intake Rate (mg/d) 
  
KOW = octanol/water partition coefficient
 
WATER 
CONTAMINATION 
Surface and groundwater 
limited by increasing KOW 
P1 P2 P3 
P2&3 
P4 
Figure 7-1 Pathways of human exposure to organic pollutants from biosolids amended soil 
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There are four exposure pathways that have been considered.  These are direct human exposure, 
plant accumulation, grazing animal bioaccumulation and water contamination.  Models of 
exposure have been developed for each of these pathways and the risk quantified.   The exposure 
of each of these pathways was then compared to typical ingestion rate and compared to the 
maximum residue limits (expressed as percentage), summarised within Table 7-18. Table 7-18 
demonstrates that the land application of sewage sludge will not significantly increase human 
exposure to the COCs, with the increased maximum exposure occurs for dioxin-like compounds 
that is 3% of the MRL. 
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Table 7-18 Summary of exposure pathway; soil, plant accumulation and grazing animal.  The accumulation of these compounds is expressed as a percentage of the tolerable daily 
intake (pica exposure) and maximum residue limits (plant, grazing animal) 
 SOIL – PICA1 PLANT2 GRAZING ANIMAL3  
Compounds Child 
(15 kg) 
Adult 
(70kg) 
 Pasture 
Meat 
Pasture 
Milk 
Unit 
Dioxin-like PCDD/Fs&PCBs 49.0 5.25 1.05 0.74 0.18 pg WHO05 TEQ kg-1 dw 
ΣPBDEs 0.1 0.01 <0.01 < 0.01 < 0.01 µg kg-1 dw 
BB-153 11.2 1.20 0.31 0.25 0.06 µg kg-1 dw 
Total DDT 0.8 0.08 0.20 0.02 0.01 mg kg-1 dw 
Dieldrin 23.8 2.55 1.00 0.58 0.14 mg kg-1 dw 
Chlordane 2.0 0.21 0.50 0.06 0.02 mg kg-1 dw 
ΣPCBs 0.1 0.01 0.01 < 0.01 < 0.01 mg kg-1 dw 
DEHP 13 1.4 0.18 0.10 0.02 mg kg-1 dw 
1 Soil pica exposure has been calculated using child of 15 kg and adult of 70 kg ingests 100 g and 50 g soil daily respectively 
2 Daily plant consumption is assumed to be 300 g 
3 Daily grazing animal consumption is 50 g fat and 300 mL that is 4 % fat 
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Table 7-19 Soil concentration limits that are equivalent to the tolerable daily intake (pica soil exposure) and maximum residue limts (plant and grazing animal exposure pathways) 
 SOIL – PICA1 PLANT2  GRAZING ANIMAL3   
   FORAGE FORAGE & SOIL  
Compounds 
Child 
(15 kg) 
Adult 
(70kg) 
 Beef Milk Beef Milk Unit 
Dioxin-like PCDD/Fs&PCBs 600 5600 28000 80 × 103 330 × 103 13 × 103 68 × 103 pg WHO05 TEQ kg-1 dw 
ΣPBDEs 75000 700000 2284000 45 × 106 19 × 106 1.5 × 106 6.3 × 106 µg kg-1 dw 
BB-153 0.300 2.80 11 24 99 6.7 28 µg kg-1 dw 
Total DDT 0.300 2.80 1.1 15 62 1.7 12 mg kg-1 dw 
Dieldrin 0.015 0.14 0.29 1.1 4.5 3.1 0.92 mg kg-1 dw 
Chlordane 0.075 0.70 0.21 3.5 14 1.7 0.28 mg kg-1 dw 
ΣPCBs 6 56 110 200 850 120 480 mg kg-1 dw 
DEHP 7 67 490 2400 10 × 103 105 × 103 440 × 103 mg kg-1 dw 
1 Soil pica exposure has been calculated using child of 15 kg and adult of 70 kg ingests 100 g and 50 g soil daily respectively 
2 Daily plant consumption is assumed to be 300 g 
3 Daily grazing animal consumption is 50 g fat and 300 mL that is 4 % fat 
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Soil concentration limits have been calculated that are equivalent to the TDI for soil pica exposure 
and the MRL plant and grazing animal exposure pathways for each of the chemicals of concern 
(Table 7-19). With the exception of dioxin-like compounds child pica exposure, the exposure to 
the COCs was less than 10% TDI or MRL.  The logic of developing regulations limits based upon 
pica ingestion pathway may be unreasonable, with exposure greater than 100% of the TDI even 
from background soil levels.  The increase in exposure to the COCs from biosolids contaminated 
to the 95th percentile demonstrates that the increase in exposure is negligible.  Other problem 
chemicals were the organochlorine pesticides.  In many cases exposure to these chemicals 
exceeded the TDI simply from soil background exposure.  This suggests that there is really an 
exposure pathway of these compounds or that the TDI established by the Australian government is 
to conservative.  In no cases did the TDI exposure for an adult exceed 100%.  However, the child 
exposure often exceeded the TDI for dioxin-like compounds and the OCPs.   Only the final soil 
quality limits have been presented within Table 7-19.  The permissible concentration of COCs in 
sewage sludge is dependent upon the concentration already in the receiving soil.  However, the 
concentration of the COCs in the soil will only be 2-4% that of the sewage sludge concentration.  
7.5 CONCLUSION 
A human health risk assessment has been completed.  Four exposure pathways have been 
identified which were direct human exposure, plant uptake, bioaccumulation in grazing animals, 
and drinking water contamination. A framework of exposure for can be applied to other organic 
pollutants has been developed and only requires TDI and KOW.  The COCs evaluated were dioxin-
like compounds, PBDEs, PBBs, Total DDT, dieldrin, chlordane, PCBs and DEHP.  The increased 
exposure of biosolids contaminated with the 95th concentration was determined by less than 3% of 
the MRL for all exposure pathways indicting that the land application of these compounds does 
not pose a risk to human health from these COCs.  Therefore, while a risk assessment needs to be 
conducted on a broader range of organic pollutants, it is recommended that the practice of 
biosolids land application can be undertaken safely in Australia to ensure the sustainable recycling 
of nutrients such as nitrogen and phosphorus.  Soil quality limits have been calculated for each of 
the exposure pathways that is equivalent to the maximum residue limits. 
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The research has provided empirical data about the typical levels of a range of toxic 
organic compounds in Australian sewage sludge/biosolids and a human health risk 
assessment for the land application of biosolids has been undertaken.  The chemicals 
of concern (COC) studied were broadly categorized as persistent organic pollutants 
(POPs) and were: 
• Polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans 
(PCDFs) and “dioxin-like” polychlorinated biphenyls (PCBs), collectively 
termed “dioxins-like compounds” 
• The brominated fire retardants: polybrominated diphenyl ethers (PBDEs) and 
polybrominated biphenyls (PBBs) 
• Organochlorine pesticides (OCPs) 
• Polychlorinated biphenyls (PCBs) 
• Phthalate acid esters (PAEs) 
Internationally, each of these groups of chemicals has been investigated in sewage 
sludge, with the majority of research conducted in Europe and the USA.  As of July 
2005, there had been no published research investigating any of these compounds 
within Australian sewage sludge. 
A survey of Australian sewage sludge/biosolids has been undertaken for each of the 
COCs with surveys undertaken in 2006 (n=16) and 2007 (n=13), with samples 
collected from all States of Australia and from urban (pop. > 1,000,000) and rural 
(pop. < 300,000) locations. 
The concentration of dioxin-like compounds determined in the 2006 survey of 
Australian sewage sludge (n=16) was low compared to international values. The mean 
concentration was 5.3 (s.d. 4.3) ng WHO05 TEQ kg
-1
 dw and ranged between 1.2 and 
15.3 ng WHO05 TEQ kg
-1
 dw.  While no statistically significant difference was 
demonstrated when comparing urban and rural sources (P=0.531), a statistically 
significant relationship between dioxin-like compounds and population that WWTP 
was located was determined (Figure 8-1). 
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Figure 8-1 Plot of log10PCA1 vs population for (a) dioxin-like PCDD/Fs and PCBs and (b) PCDD/F 
homologues 
 
The concentration of dioxin-like compounds was measured in sewage sludge from 
three WWTPs from the same city, between the years 2002 and 2006.  There was no 
variation in dioxin-like compound concentrations observed between the three 
WWTPs (P=0.947) but a statistically significant decline of 1.5 ng WHO05 TEQ kg
-1
 
dw was observed (P=0.018) (Figure 8-2).   
Chapter 8 
- 252 - 
20062005200420032002
20
15
10
5
0
W2006B
W2006A
W2005B
W2005A
W2003B W2003A
W2002B
W2002A
S2006A
S2005B
S2005A
S2003B
S2003A
S2002B
S2002A
B2006B
B2006A
B2005B
B2005A
B2003B
B2003A
B2002B
B2002A
 
Figure 8-2 Change in concentration of WHO05 TEQ ng kg
-1
 dw in samples collected from three wastewater 
treatment plants in Australia during the years 2002, 2003, 2005 and 2006 
 
All the Australian sewage sludge samples cited in these studies were below the 
Victorian EPA “investigation limit” of 50 ng WHO98 TEQ kg
-1
 dw (EPA Victoria, 
2004) and well below the European proposed guidelines of 100 ng WHO98 TEQ kg
-1
 
dw (European Union, 2001). 
Internationally, the levels of dioxin-like compounds in sludge have decline over time 
and it appears that the concentrations of dioxin-like compounds in sludge peaked in 
the early seventies and have been steadily declining to a relatively stable 
concentrations since.  The source of seriously contaminated material has been 
identified as industrial use and production of chlorinated chemicals most notably PCP.  
As yet, the presence of lower concentrations of dioxin-like compounds in sewage 
sludge has not been adequately characterised. 
Polybrominated diphenyl ethers (PBDEs) and polybrominated biphenyls (PBBs) are a 
class of brominated fire retardant.  PBDEs have been widely used in society whereas 
PBBs were largely phased out due to a human contamination incident in the USA.  
The scientific evidence overwhelmingly supports the argument that PBDEs should be 
include in the United Nations Environment Programme’s (UNEP) Stockholm 
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Convention on Persistent Organic Pollutants (POPs) i.e., they are environmentally 
persistent (Law et al., 2006), capable of long-range atmospheric transport (Schmid et 
al., 2007), bioaccumulate (Harden et al., 2005) and are biologically active 
(McDonald, 2002).  There are three main commercial formulation of PBDEs viz., 
pentaBDE, octaBDE and decaBDE, the first two have now been banned for use in 
Europe and Australia (NICNAS, 2005). 
The ?PBDE mean concentration determined in the Australian survey of sewage 
sludge undertaken in 2006 was 1 137 μg kg-1 dw (s.d. 1 116), and no statistically 
significant difference was observed between the urban (mean 1 308 μg kg-1 dw, s.d. 1 
320) and the rural (mean 911 μg kg-1 dw, s.d. 831) samples (P=0.523).  The major 
congeners detected where BDE47&99 and 209 which are characteristic of the 
pentaBDE and deca commercial formulation respectively.  The concentration of 
pentaBDEs was found to be fairly consistent in concentration in the sludges surveyed, 
suggesting domestic sources, whereas the decaBDE formulation was found to be 
variable, which is best explained by different industrial inputs.  The PBDE levels in 
Australian sewage sludge reported in this study are similar to PBDE levels reported in 
the international scientific literature.  Fifteen of the sixteen samples contained 
?PBDE greater than 200 μg kg-1 dw and seven were higher than 1 000 μg kg-1 dw 
(Australian guidelines values for ?PCBs in sewage sludge land application).  If 
Australian soils have a similar PBDE burden to European soils (Hassanin et al., 
2004), then sludge land application is likely to increase the PBDE levels in soil.  
The distribution of PBDE congeners was measured at the various stages of an 
Australian WWTP (U7).  This included four effluent samples (raw, primary, 
secondary and tertiary effluent) and three sludges (primary, secondary and lime 
stabilised biosolids).  The PBDE burden was greatest in the sludges compared to the 
effluents containing over 99% of the PBDEs in the system.  All the PBDE congeners 
measured were highly correlated, suggesting a similar origin. In this case the PBDEs 
are thought to be from domestic sources, which is consistent with the known source of 
the wastewater.  Therefore the concentration of PBDEs measured is likely to be the 
minimum PBDE burden for all sewage sludge throughout Australia which is 303 mg 
kg
-1
 dw, corresponding to an Australian sewage sludge annual burden of at least 110 
kg of PBDEs.  Australian sewage sludge annually.  It is estimated 7.6 kg of PBDEs 
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are disposed of each year with biosolids generated from U7 WWTP and less than 10 g 
are disposed of via the ocean outfall and field irrigation annually. 
The finding of BB153 in all samples analyzed as part of this survey is unexpected.  
The results further demonstrate that PBBs are extremely environmentally persistent 
and that they are not only capable of long-range atmospheric transport, but are also 
now widely distributed within the Australian environment.  The concentrations of 
PBBs in sewage sludge are not high, however, they are rarely analysed, detected or 
reported in the international scientific literature due to a phasing out of these 
compounds in 1970s. 
Permissible concentrations of OCPs and PCBs in Australian biosolids are enforced by 
each of the States.  Three studies of OCPs and PCBs in Australian biosolids was 
reported.  The first of these was a collation of routine analytical data from biosolids 
producers from various States of Australia.  Results from a total of 829 sewage 
sludges that were analysed for OCCs was included for data analysis. The major 
compounds detected in Australian sewage sludges between the years 2004 and 2006 
from New South Wales, Queensland, Tasmania, Victoria and Western Australia were 
dieldrin, chlordane and DDE detected in 68%, 27% and 13% of samples at maximum 
concentrations of 0.77, 0.30 and 0.27 mg kg
-1
 dw respectively.  Many of the other 
OCPs and PCBs were rarely detected and compounds such as lindane weren’t 
detected in any sample of this survey, including the time series analysis (Table 8-1). 
Table 8-1  Summary Statistics of organochlorine compounds in Australian sewage sludge between the years 2004 to 
2006; n=784 (DDT,DDD,DDE), n=829 (Total DDT, aldrin, chlordane, dieldrin, heptachlor, HCH, lindane, PCBs).  
N = positive detection, ND = less than detection limit (<0.01mg kg
-1
), ƒ  = percentage detection. 
Variable N ND ƒ  Mean StDev Min Median Max 
DDT 2 782 0 0.02 0.01 0.01 0.02 0.03 
DDD 4 780 1 0.03 0.02 0.01 0.02 0.06 
DDE 103 681 13 0.04 0.05 0.01 0.02 0.27 
Total DDT 112 717 14 0.04 0.05 0.01 0.02 0.27 
Aldrin 3 826 0 0.03 0.03 0.01 0.02 0.07 
Chlordane 227 602 27 0.03 0.03 0.01 0.02 0.30 
Dieldrin 567 262 68 0.05 0.06 0.01 0.04 0.77 
Heptachlor 16 813 2 0.05 0.04 0.02 0.03 0.17 
HCB 22 807 3 0.04 0.06 0.01 0.03 0.30 
Lindane 0 829 0 * * * * * 
PCBs 10 819 1 0.26 0.14 0.02 0.30 0.41 
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The survey of Australian sewage sludges conducted in 2007 (n=13) detected only 
dieldrin and chlordane, found in five and one of the samples respectively. 
An analysis of a time series of OCCs in sewage sludge generated from six NSW 
WWTPs between the years 1995 and 2006 analysed approximately weekly supported 
the collated data study.  Many compounds were rarely detected.  These include 
lindane, aldrin and other such as HCB, heptachlor, DDT, DDD and PCBs.  A 
statistically significant correlation was determined between the concentration of 
dieldrin and chlordane in sludges from each WWTPs (Figure 8-3).  This correlation 
was also demonstrated to exist between WWTPs also.  This finding demonstrates that 
dieldrin and chlordane are moving from the environment and into the WWTP as a 
result of the same physical process. 
 
Figure 8-3 Plot of dieldrin and chlordane concentration mg kg-1 between the years 1995 and 2006.  NOTE: 
Change in detection limit from 0.1 mg kg
-1
 to 0.01 mg kg
-1
 at 2001 marked by red line 
 
This research demonstrates that many OCPs and PCBs are no longer contaminating 
Australian sewage sludge/biosolids.  Of the OCPs that were regularly detected the 
decline in concentrations have been demonstrated to be statistically significant 
between the years 1995 and 2006.  However, this demonstrates the high persistence of 
these compounds and long periods required to depurate the Australian environment.  
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Furthermore, these results demonstrate that compliance monitoring of these particular 
OCPs in Australian sewage sludge for use as biosolids is unnecessary.   
The six most commonly used phthalates were measured in the Australian sewage 
sludge survey (2007).  Of the six, only the most common phthalates di(2-
ethylhexyl)phthalate, commonly referred to as DEHP, was detected. The average 
concentration was found to be 18 (s.d. 14) mg kg
-1
 dw.  There was no difference 
observed between the concentration of DEHP urban (19 mg kg
-1
 dw) and rural 
samples (17 mg kg
-1
 dw) suggesting that the origin of this compound to the sewage 
sludge is from domestic sources.  The land application of sewage sludge containing 
phthalates is unlikely to be a problem given their low concentrations and relatively 
fast rate of decomposition.  Evidence from the scientific literature suggests that the 
European proposed guideline of acceptable DEHP levels of 100 mg kg
-1
 dw for 
sewage sludge land application is precautionary as all phthalates are known to be 
easily biodegraded under both aerobic and anaerobic conditions. 
A human health risk assessment has been completed.  Four exposure pathways have 
been identified which were direct human exposure, plant uptake, bioaccumulation in 
grazing animals, and drinking water contamination.  A framework of exposure for can 
be applied to other organic pollutants has been developed and only requires TDI and 
KOW.  The chemicals of concern evaluated were dioxin-like compounds, PBDEs, 
PBBs, Total DDT, dieldrin, chlordane, PCBs and DEHP.  The increased exposure of 
biosolids contaminated with the 95
th
 concentration was determined by less than 3% of 
the MRL for all exposure pathways indicating that the land application of biosolids 
containing these compounds does not pose a risk to human health.  Soil quality limits 
have been calculated for each of the exposure pathways that is equivalent to the 
maximum residue limits via direct soil exposure, plant accumulation, and 
bioaccumulation within grazing animals. 
This is the first study of organic pollutants in Australia sewage sludge/biosolids that 
has been completed.  Empirical data has been provided for the Australian Water 
Industry which will form the basis of informed decision making regarding future 
biosolids management.  This study has demonstrated that the increased risk to human 
health resulting from the practice of sewage sludge/biosolids land application is 
negligible. In most cases, compliance monitoring for the COCs isn’t required to 
mitigate risk to human health resulting from sewage sludge/biosolids land application.  
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However, a function of wastewater treatment is to prevent and minimise the 
environmental release of pollutants and the analysis of sewage sludge provides 
important information about pollutants in society generally.  Therefore, it is important 
that sampling and analysis regimes are developed that continue to monitor for these 
COCs.  The re-use of sewage sludge/biosolids for land application is recommended as 
it takes advantage of the embedded nutrients (phosphorous, nitrogen, organic carbon) 
which are finite resources and contributes to Australia’s long-term environmental 
sustainability. 
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